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IntrodutionThe physis of the b quark represents one of the most lively researh areas in highenergy physis. Interest in the study of neutral meson osillations has aroused sinethe �rst demonstration that matter-antimatter osillations indeed take plae in theK0 � K0 system. The �rst evidene for neutral B meson osillations was reportedby the UA1 ollaboration [1℄. An anomalously large inidene of events with same-sign lepton pairs was found, possibly explained by B mixing. It is interesting toreall that prior to 1986 B0 mixing was thought to be small, as the top quark wasexpeted to be fairly light, in the 30 � 70 GeV=2 range. Thus, the time-integratedmeasurement of an asymmetry presented by UA1 were interpreted as dominantly B0smixing, though B0 � B0s separation ould not be established. In 1987, the Argusollaboration presented the �rst observation of B0 osillations in a time-integratedanalysis [2℄. This result was later on�rmed by CLEO [3℄. The evidene of slowB0�B0 osillations, ompared to the time sale of a B0 deay, produed by the Argus,CLEO, and UA1 experiments required the top quark to be heavier than what waspreviously expeted [4, 5℄. The �rst time-dependent measurement of B0 osillationswas performed in 1993 by the Aleph ollaboration [6℄ and represents the �rst step inthe tehnique that would be needed to perform the measurement of B0s osillations.Altough the ase of B0s osillations immediately beame an important subjet ofresearh, all e�orts for the B0s system were ba�ed for almost twenty years. The natureof B0s osillations makes its study extremely hallenging: the frequeny of osillationsin the B0s � B0s system is expeted, within the Standard Model, to be so high thatlarge samples and exellent traking performane of a detetor are required for ameasurement. The importane of B0s osillations goes beyond the determination ofa property of B0s mesons. It provides a signi�ant handle for testing the underlyingmodel of avor interations and the possible presene of new physis.The Collider Detetor at Fermilab II (CDF II) is a general purpose detetor whihhas been suessfully olleting data for the last �ve years. It is installed at theTevatron aelerator, whih ollides protons and anti-protons at a enter-of-massenergy of about 2 TeV. This provides a unique environment for an immensely broadrange of physis searhes and measurements. A wealth of partiles are produed andthe most interesting heavy-quark states are urrently available only at the Tevatron.The CDF II detetor boasts an exellent traking performane and a superlativetrigger system allowing for the olletion of data samples highly enrihed in interestingphysis ontent. These two aspets give CDF II an unequaled opportunity to performa study of B0s osillations. 17



The organization of this doument is as follows. The theoretial foundation ofneutral B meson osillations is presented in Chapter 1. The aelerator failities andthe CDF II detetor are desribed in Chapter 2. The seletion and reonstrutionof B0s andidates are ontained in Chapter 3. The subsequent hapter onentrateson the presentation of an important tehnial aspets of the analysis: simulationof the data. The simulation of b events enters the analysis in many aspets. TheMonte Carlo samples are desribed in Chapter 4. The ingredients and tehniques fora mixing analysis are introdued in Chapter 5. The same-side tagger represents animportant part of the analysis. Its development is presented Chapter 6. The �nalsetion, Chapter 7, ontains the desription of the likelihood �tting framework andthe �nal results: the measurement of the B0s osillation frequeny and the resultingonstraints on the parameters of the avor model.
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Chapter 1Theory and Measurement of FlavorOsillationsThe phenomenology of B0s�B0s osillations is presented in this hapter. The e�ets ofthe measurement of the osillation frequeny in the urrent model of partile physisare presented and its impliations in seleted senarios of new physis are reviewed.1.1 Matter in the Standard ModelThe Standard Model of Partile Physis (SM) provides, at present, the best desrip-tion of the properties of elementary partiles and their interations. It is de�nedby a gauge group, SU321 = SU(3) 
 SU(2) 
 U(1), whih desribes the symmetriesof the theory. The group is diretly fatorisable and the (loal) symmetries whihorrespond to the three fators expliitly written above are olor, weak isospin, andhyperharge. The transformations of the �elds whih desribe fundamental partilesare governed by the representations of the groups whih are assigned to them. Matteris lassi�ed in three families of quarks:Q = � uLdL � ;� LsL � ;� tLbL � ;uR ; dR ; R ; sR ; tR ; bR ; (1.1.1)usually referred to as \up", \down", \harm", \strange", \top", and \bottom"-typequarks, and leptons: L = � �eLeL � ;� ��L�L � ;� ��L�L � ;eR ; �R ; �R ; (1.1.2)where the subsripts L and R indiate left- and right-handed �elds, doublets and sin-glets, respetively, with respet to transformations of the SU(2) omponent of SU321.Table 1.1 summarizes the SU321 quantum numbers of the �elds whih experienegauge interations in the SM. The right-handed ounterpart of neutrinos � is not19



Field SU(3) SU(2) U(1)Q 3 2 +1=6uR; R; tR 3 1 �2=3dR; sR; bR 3 1 +1=3L 1 2 +1=2eR; �R; �R 1 1 �1Table 1.1: Quantum numbers of matter. Right-handed neutrinos would have quan-tum numbers equal to (1,1,0), orresponding to the representation provided by theidentity. Mass [GeV=2℄ Charge
Quarks u 1:5 to 3:0 � 10�3 23d 3 to 7 � 10�3 �13 1:25� 0:09 23s 95� 25 � 10�3 �13t 174:2� 3:3y 23b 4:70� 0:07 �13
Leptons �e < 225 � 10�9 CL 95% 0e 0:51099092� 0:00000004 � 10�3 �1�� < 0:19 � 10�3 CL 90% 0� 105:658369� 0:000009 � 10�3 �1�� < 18:2 � 10�3 CL 95% 0� 1776:99 +0:29�0:26 � 10�3 �1Table 1.2: The families of matter in the SM. The latest measurements and �ts arereported from Referene [7℄.y Diret observation of top events.inluded beause it would transform trivially with respet to the entire group andthus have no gauge interations. The properties of the fundamental omponents ofmatter are desribed in Table 1.2.The gauge struture of partile interations in the SM has been veri�ed by manyexperiments, while the exploration of the avor setor has not been as omprehensive.Interations whih ouple quarks belonging to di�erent families are mediated by Wbosons. In the formalism of the SM, it is possible to desribe the phenomenon byreplaing the lower terms of the three quark doublets of SU(2) in Equation 1.1.1 withlinear ombinations of them, obtaining:0� d0s0b0 1A = 0� Vud Vus VubVd Vs VbVtd Vts Vtb 1A 0� dsb 1A : (1.1.3)The matrix V ontains the parameters that govern quark mixing, and relates thephysial quarks, the mass eigenstates d, s, and b, to the avor eigenstates, indiated20



by the primed notation, whih represent the states partiipating in harged-urrentweak interations. This matrix is usually referred to as the Cabibbo-Kobayashi-Maskawa (CKM) matrix [8, 9℄.The onservation of probability requires the CKM matrix to be unitary. Thisonstraint, in the ase of three families of quarks, leaves 32 free parameters in a3� 3 matrix, only four of whih onstitute physial degrees of freedom. The freedomto de�ne arbitrary phases for the quark �elds allows for the elimination of other2 � 3 � 1 parameters, whih are unphysial phases. The four physial parametersan be hosen to be three real angles and one omplex phase, whih is responsible ofCP-violating e�ets in the SM. Another ommon representation of the CKM matrixuses the Wolfenstein parameters � (the sine of the Cabibbo angle), A, �, and � [10℄.The CKM matrix is traditionally expressed as a power series in terms of �:V = 0� 1� �2=2 � A�3(�� i�)�� 1� �2=2 A�2A�3(1� �� i�) �A�2 1 1A+O(�4) : (1.1.4)Beause � is about 0:2, the power series onverges rapidly. The expression aboveshows that the CKM matrix is almost diagonal, and that o�-diagonal terms dereasewith powers of � the further they are from the diagonal.The ondition of unitarity is expressed as follows:Xk VkiV �kj = Æij k 2 u; ; t i; j 2 d; s; b ;Xi VkiV �li = Ækl k; l 2 u; ; t i 2 d; s; b : (1.1.5)These equations produe a set of six independent expressions whih equate the sum ofthree omplex numbers to zero or unity, and are geometrially equivalent to trianglesin the omplex plane. The expression obtained above with i = d and j = b is ofpartiular interest beause the three terms whih appear in it are of the same orderin �. It thus represents a triangle the sides of whih are of about the same size, dueto the struture of the CKM matrix. The equation is expliitly:VudV �ub + VdV �b + VtdV �tb = 0 : (1.1.6)The expression whih is obtained by dividing the equation above by its seond termde�nes the Unitarity Triangle. A sketh of the Unitarity Triangle is shown in Fig-ure 1.1. The three angles are ommonly alled �, �, and  (or �2, �1, and �3) andare related to the CKM matrix elements as follows:� � arg�� VtdV �tbVudV �ub� ; � � arg��VdV �bVtdV �tb� ;  � arg��VudV �ubVdV �b � : (1.1.7)21



Figure 1.1: A sketh of the Unitarity Triangle.Parameter Value [7℄� 0:2272� 0:0010A 0:818 +0:007�0:017�� 0:221 +0:064�0:028�� 0:340 +0:017�0:045Table 1.3: Results of the latest �ts for the CKM parameters in the Wolfensteinrepresentation.It is onvenient to de�ne the resaled Wolfenstein parameters �� and �� as follows:�� + i�� � �VudV �ubVdV �b : (1.1.8)This de�nition is phase-onvention independent, and ensures that the matrix V writ-ten in terms of A, �, ��, and �� is unitary to all orders in �. In terms of �� and ��, thefollowing relations hold:tan� = ����2 � ��(1� ��) ; tan� = ��1� �� ; tan  = ���� : (1.1.9)The presene of CP violating e�ets in the SM is indiated by any of the threeangles being di�erent from zero or �. The measurements of the parameters A, �, ��,and �� reported by the latest analyses are olleted in Table 1.3. It is worth notingthat � and A are known with a onsiderably higher preision than �� and ��. Table 1.4summarizes the urrent measurements of the angles of the Unitarity Triangle.1.2 The neutral B meson systemThe desription of the time evolution of neutral B � B systems is presented in thissetion. Starting from this setion, the term \avor" will be utilized to distinguish22



Parameter Value [7℄� or �2 (99 +13�8 )Æsin 2� or sin 2�1 0:0687� 0:032 or �3 (63 +15�12)ÆTable 1.4: Results of the latest �ts for the angles of the Unitarity Triangle.partiles from their respetive antipartiles rather than among di�erent quark types.For the sake of onveniene, B and B will indiate the eigenstates of the stronginteration, i.e., the pure �bq and b�q states, while BH and BL will represent the masseigenstates. Assuming that CP is a symmetry of the system, the latter will also havea de�nite CP-parity.The Hamiltonian for free propagation, in the B� B basis, is expressed as followsin the Wigner-Weisskopf approximation [11, 12℄:H = � m M12M�12 m � + i2 � � �12��12 � � : (1.2.1)The diagonal elements of the Hamiltonian desribe the mass and deay width ofthe avor eigenstates. CPT invariane guarantees that the two eigenstates have thesame mass m and deay width �, as indiated in Equation 1.2.1. The o�-diagonalterms represent virtual (M12) and real (�12) partile-antipartile transitions and, whendi�erent from zero, imply that mass and avor eigenstates are not the same. TheHamiltonian H is diagonalized, by de�nition, in the basis of its eigenstates, BH andBL, whih have de�nite mass and width (� = 1=� , where � indiates the lifetime).Bypassing the tehnial details of the diagonalization, the �nal results are:jBi = pjBHi+ qjBLi ; (1.2.2)jBi = pjBHi � qjBLi ; (1.2.3)where: qp =sM�12 � i2��12M12 � i2�12 : (1.2.4)The time evolution of the B and B states is written as follows:jB(t)i = g+(t)jB(0)i+ qpg�(t)jB(0)i ; (1.2.5)jB(t)i = pq g�(t)jB(0)i+ g+(t)jB(0)i ; (1.2.6)where: g�(t) = 12 he�(imL+ 12�L)t � e�(imH+ 12�H)ti : (1.2.7)It is of partiular interest to determine the probability densities PB!B(t) andPB!B(t) to observe avor eigenstates produed at t = 0 whih deay with the oppositeor the same avor, respetively, at time t. In the limit of jq=pj = 1 and (�L � �H)=�23



is negligibly small, whih hold to a good approximation for B0 and B0s mesons, theprobability densities are given by:PB!B(t) = PB!B(t) = �2 e��t [1� os (�mt)℄ ; (1.2.8)PB!B(t) = PB!B(t) = �2 e��t [1 + os (�mt)℄ ; (1.2.9)where � is the inverse of the B0s lifetime and �m is equal to mH �mL. The expres-sions above are extremely useful. They are diretly utilized in the �tting frameworkimplemented in this thesis sine they relate the parameter of interest, �ms, to theexperimental observables, B avor and deay time. Equation 1.2.8 desribes the\mixed" ase, where the B meson deays with the opposite avor than the produ-tion avor, while the \unmixed" ase, where the B meson deays with the same avoras at prodution, obeys to Equation 1.2.9.The assumption that the eigenstates of the Hamiltonian for free propagation arealso CP-eigenstates is justi�ed in the ase of B0s mesons, where the CP-violating phase�s is expeted to be very small. In the phase onvention in whih VbV �s is a realnumber, �s beomes equal to arg(M12). Introduing Beven and Bodd, eigenstates ofthe CP operator, the following relation is obtained:jBLi = 1 + ei�s2 jBeveni � 1� ei�s2 jBoddi ; (1.2.10)jBHi = �1� ei�s2 jBeveni+ 1 + ei�s2 jBoddi : (1.2.11)The SM thus predits that BL is almost ompletely CP-even and BH CP-odd.1.3 B0s mixing in the Standard ModelIn the framework of the SM of eletroweak interations, neutral B meson mixing isdesribed, at the lowest order, by the seond order weak proesses represented in thetwo diagrams in Figure 1.2.The ontribution to the loops in Figure 1.2 is alulated to be proportional to themass of the quark whih appear in the loop [13℄. The mass of the top quark is O(102)times greater than the mass of the harm and up quarks, as seen in Table 1.2, andthus the top quark ontribution to the loop dominates. With this assumption, theosillation frequeny is proportional to elements of the quark mixing matrix V:�mq / f 2BB̂mBjVtqV �tbj2 ; (1.3.1)where q = d; s. Lattie QCD provides estimates of the form fator fB and the bagfator B̂ for B0 and B0s mesons. The urrent best estimates for these parameters arereported in Table 1.5. The parameters are known with a preision of about 10%,whih is thus the best level at whih Vtq an be measured using Equation 1.3.1.However, if the ratio between �md and �ms is onsidered, most of the hadroni24
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Figure 1.2: Lowest order diagrams for B mixing.Parameter Value [14℄fB0 216� 9� 19� 7 MeVfB0s 260� 7� 26� 9 MeVB̂B0 0:836� 0:027 +0:056�0:062B̂B0s=B̂B0 1:017� 0:016 +0:056�0:017Table 1.5: Latest Lattie QCD estimates of form fators and bag fators of B mesons.unertainties that separately a�et fB and B̂ anel, and a more diret relation withelements of the CKM matrix is found:�ms�md = �2mB0smB0 jVtsj2jVtdj2 ; (1.3.2)where: � = fB0sfB0sB̂B0sB̂B0 = 1:210 +0:047�0:039 [14℄ : (1.3.3)Thus, the measurement of the ratio �md=�ms allows for the preise estimationof jVtdj=jVtsj, whih, under the assumption that jVbj = jVtsj1, is equivalent to � timesthe length of the side of the unitarity triangle opposed to the angle  (or �3).The status of the onstraints in the ��{�� plane as of the EPS 2005 [15℄ onfereneis illustrated by Figure 1.3. At that time, the ombination of experimental inputs on�ms produed the 95% CL limit �ms > 14:4 ps�1 whih enters the piture. The �tby the CKM Fitter group [16℄ for �ms, whih assumes the SM to be the fundamentaltheory and utilizes the urrently available experimental results on CKM parameters,yields �ms = 18:3 +6:5�1:5 ps�1.The measurement of �ms provides a very stringent limit on the piture of avor1Next-to-leading order orretions in � yield: Vb = A�2 + O(�8) and Vts = �A�2 + A(1 �2�)�4=2� i�A�4 +O(�6). 25
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models, suh as supersymmetry with violation of R-parity. However, loop-mediatedproesses may provide large modi�ations to �ms.Models whih desribe NP generally introdue new parameters, suh as avorhanging ouplings, short distane oeÆients, matrix elements of new loal operators,or CP violating phases. However, the mixing proess is desribed by a single omplexamplitude and is typially parameterized in terms of two parameters whih quantifythe di�erene of the omplex amplitude with respet to that of the SM. The preseneof NP modi�es the SM ontribution to the neutral B meson osillation frequeny�mSMq as follows: �mNPq = �mSMq j1 + hqei�q j ; q = d or s ; (1.4.1)where hq and �q indiate the relative magnitude and phase of the NP ontribution.Two lasses of SM extensions are identi�ed by the modi�ations that they intro-due to the e�etive Hamiltonian whih desribe B0s�B0s mixing. The phenomenologyof B0s � B0s mixing is desribed in terms of an e�etive Hamiltonian, the OperatorProdut Expansion [18℄ whih is written as follows:H�B=2eff = G2FM2W16�2 Xi V iCKMCi(�)Qi ; (1.4.2)where GF is the Fermi onstant, MW the mass of the W boson, V iCKM the prod-ut of the appropriate CKM fators, C(�) the Wilson oeÆient, evaluated at therenormalization sale �, and Q the loal operator of the expansion.In models with Minimal Flavor Violation (MFV [19, 20℄), the soure and strengthof avor violation is the CKM matrix only. No new operators are added to the ex-pansion in Equation 1.4.2 and non-SM ontributions ome only from new partilesirulating in the loop, whih modify the Wilson oeÆients. The prinipal onse-quene is d{s universality: the new Hamiltonian modi�es both �ms and �md of thesame relative amount. The ratio between �ms and �md is thus idential to the ratioin the SM and the onstraint on the unitarity triangle is unhanged. This is the asefor the Minimal Supersymmetri extension of the SM with avor onservation (forexample, Referene [21℄), where the exhange of harged Higgs bosons takes plae inthe box diagram. In this model, the term j1 + hq exp(2i�q)j is � 1 and is expressedas a funtion of the masses of harginos e��2 , stop et, harged Higgs bosons H� andtan ��, the ratio of the vauum-expetation-values of the Higgs bosons. The Feynmandiagrams whih involve the new partiles are shown in Figure 1.4.When additional operatorsQ are introdued in Equation 1.4.2, the e�etive Hamil-tonian loses the d{s universality and the e�et of NP is a hange in �ms and �mdwhih do not preserve their ratio. The onstraint on the unitarity triangle hangestoo and the position of the ( �rho; ��) apex is a�eted. The d{s universality is brokenin models whih hange the struture of the CKM matrix, for example by adding afourth generation of quarks or extra singlet quarks [22℄. Generalized MFV models inwhih signi�ant ontributions from non-SM operators enter the e�etive Hamiltonianare presented in Referene [23℄. 27
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These modes onstitute the \semileptoni" samples. Only the lepton and theD�s andidate of the B0s �nal state are utilized in the reonstrution of the B0sandidate.The avor of the B0s andidate at deay is indiated by the harge of the D�sandidate whih takes part in the reonstruted �nal state | D�s tags a B0s, whereasD+s indiates a B0s. The avor at the time of prodution is more diÆult to asertain,and several tehniques have been developed to perform this funtion. As shown inFigure 1.5, avor taggers are distinguished as being on the same-side or the opposite-side relative to the reonstruted B0s andidate. Same-side avor tagging algorithmsexplore avor-harge orrelations between the reonstruted B0s and traks nearby inphase spae. Opposite-side avor tagging algorithms are based on the identi�ationof some property of the opposite-side B to determine its b quantum number, fromwhih the prodution avor of the trigger B0s an be inferred.The proper deay-time is determined from the measurement of the momentumand the deay length of the B0s andidate.To perform the measurement of the B0s � B0s osillation frequeny, the osillationprobabilities in Equations 1.2.8 and 1.2.9 are mapped out as a funtion of deay timefor at least a portion of the deay time spetrum. Beause eah of the three itemslisted above has experimental limitations, this analysis requires large samples of Bsdeays with a good signal-to-noise.The theoretial bakground to the phenomenon of B0s � B0s osillations has beenpresented. The next hapter desribes the Fermilab aelerator omplex, and theCDF detetor and trigger system.
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Chapter 2Experimental apparatusThe fous of this hapter is on the aelerator omplex at Fermilab and the CDFdetetor.2.1 Aelerators at FermilabThe Fermi National Aelerator Laboratory (FNAL) is loated 35 miles west ofChiago, IL. The set of aelerators hosted at FNAL allows for the prodution ofthe most powerful beams of partiles urrently available to experimentalists. Protonsand anti-protons are produed and ollide with enter-of-mass energy equal to 2 TeVin the Tevatron, the main aelerator at Fermilab.Apart from the ollision energy, the instantaneous luminosity L is a key parameterin de�ning the quality of a ollider, beause it determines the prodution rate ofphysis proesses. For the Tevatron, it is de�ned as follows [7℄:L = f �B � Np �Np2� ��2p + �2p�F � �l��� ; (2.1.1)where Np are Np are the number of protons and anti-protons, respetively, in eahbunh, B the number of bunhes irulating in the ring, f the rotation frequeny,�p and �p the transverse size of the proton and anti-proton beams in the interationpoint, F a form fator whih orrets for the bunh shape and depends on the ratio ofthe bunh length �l to the value of the amplitude funtion � at the interation point,��. The amplitude funtion � depends on the beam optis and represents a measureof the beam width. Thirty-six bunhes of protons and an equal number of bunhesof anti-protons are equidistantly aelerated. The time between bunh rossings, theinter-bunh-separation, is 396 ns. The peak value of L has been steadily inreasingsine the beginning of data-taking, in Marh 2002, reahing 2:8 � 1032 m�2s�1 inthe �rst months of 2007. The parameters of the Tevatron ollider are summarized inTable 2.1.The integrated luminosity L, de�ned as L = R dtL, is more relevant to physisanalyses. The probability for interations to our is diretly proportional to the rosssetion of the proess �[m2℄ and to L[m�2℄. The unit adopted to measure ross31



Parameter Valueenergy at enter-of-mass 1:96 TeVnumber of bunhes, B 36bunh �l 37 minter-bunh spaing 396 nsprotons/bunh, Np 3 � 1011anti-protons/bunh, Np 3 � 1010�� 35 minterations/rossingy 2peak luminosity 2:8 � 1032 m�2s�1Table 2.1: Charateristi parameters of the Tevatron in early 2007.y At a luminosity of L = 1032 m�2s�1.
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Figure 2.1: Integrated (left) and peak luminosity (right) delivered by the Tevatron.The plot overs the period between the beginning of 2002 and of 2007. The luminosityis shown as a funtion of store number.setions observed in high energy ollisions is the barn b, equivalent to 10�24 m2.Typial values in High Energy Physis are frations of a barn. For example, the totalsingle B-hadron prodution ross setion in a p�p interation, for the rapidity rangejyj < 0:6 (de�ned in Equation 2.2.1), is 17:6� 0:4(stat) +2:5�2:3(syst) �b, as measured atthe Tevatron [24℄. Figure 2.1 shows the total integrated luminosity up to February2007 and the peak instantaneous luminosity in the same period.The time period of stable irulation that the olliding p�p beams are retainedin the Tevatron is alled store. The word indiates that protons and anti-protonsare stored to �ll the mahine. Stores typially last O(10) hours and present stableolliding beams suitable for data taking. In the ontrol rooms of the detetors, whihare installed along the Tevatron, operators supervise the orret funtioning of therespetive detetor and the registration of data in runs of variable length.The following setions desribe in more detail the various parts of the aeleratorsetup at Fermilab. A global piture of the aelerator omplex of Fermilab is presentedin Figure 2.2. 32



Figure 2.2: Aelerator omplex at Fermilab.2.1.1 LINear ACelerator and BoosterIn order to obtain beams of olliding protons and anti-protons, protons must �rstbe obtained. Gaseous hydrogen is used, but rather than stripping o� an eletron toobtain protons, the H2 is dissoiated to obtain negatively harged H� anions. They aresubsequently aelerated in a Cokroft-Walton eletrostati mahine up to a kinetienergy of 750 keV and then reah 400 MeV in the linear aelerator (LINAC [25℄). Theions are �nally direted on a arbon foil where their pairs of eletrons are stripped o�.The remaining protons are injeted into the Booster [26℄, a irular synhrotron witha radius of 57 m. In the Booster, protons are grouped into 84 bunhes, ontainingaround 6 � 106 protons eah, and are yet again aelerated, this time up to 8:9 GeVof total energy. Finally, the proton bunhes are sent to the Main Injetor.2.1.2 Main InjetorThe Fermilab Main Injetor (FMI [27℄) is a synhrotron with a irumferene of3319 m. It has the fundamental rôle of optimally onneting the Booster to theTevatron. During the �rst run of the CDF detetor, before the upgrades in thedetetor and the aelerator setup whih started the Run II period of data-taking,the Main Ring, loated in the same tunnel as the Tevatron, performed this duty.The setup needed an upgrade to overome some restraints whih limit the luminosity.Firstly, the Main Ring is not apable of aepting the protons that an be providedat injetion by the Booster for the simple reason that the aperture of the Main Ringis signi�antly smaller than the beam delivered from the Booster at full intensity.33



Seondly, the Main Ring shares the same tunnel with the Tevatron ollider and thisintrodues additional bakgrounds during data-taking.The Main Injetor reeives 8:9 GeV proton bunhes from the Booster. Six in-jetion yles are neessary to �ll it, with 498 proton bunhes. The proton bunhes,ontaining 2 �1011 protons eah, reah 150 GeV, and three FMI yles are neessary totransfer all the available protons to the Tevatron. In anti-proton{prodution mode,as opposed to the ollider-injetion mode desribed above, a single bath of protons,onstituted by a set of 84 bunhes (approximately 8 � 1012 protons), is injeted intothe MI from the Booster. Protons are then aelerated up to 120 GeV and diretedto the Anti-proton Soure.2.1.3 Anti-Proton SoureThe Anti-Proton Soure [28℄ onsists of three major omponents: the Target Station,the Debunher, and the Aumulator. A proton pulse of 120 GeV is extrated from theMain Injetor and foused on a nikel target. Anti-protons are thus produed, with awide angular distribution, entered in the diretion of the beam, and mean momentumof 8 GeV=. On average, about 20 anti-protons are olleted per one million inidentprotons. The anti-protons are olleted and foused by a lithium lens and sent to theDebunher, an 8 GeV triangularly shaped synhrotron, where the bunh strutureis lost. The purpose of the Debunher is to transform the anti-proton pulses in aontinuous beam of monohromati anti-protons, by applying the tehnique of bunhrotation, whih transforms a beam with a large energy spread and a narrow timedistribution (i.e., the beam is strutured in bunhes), into a beam with a large timespread and a narrow energy spread (i.e., a ontinuous, monohromati beam), or vie-versa. De-bunhing is neessary to redue the large spread in energy of the produedanti-protons, whih would make the transfer of anti-protons to subsequent aeleratorsdiÆult and ineÆient. Stohasti ooling [29℄ is utilized to ool (in phase-spae)the anti-proton beam before injeting it in the Aumulator Ring, another 8 GeVsynhrotron. The anti-proton beam is then further ooled utilizing the same tehniquein the Aumulator Ring, where the division in bunhes is also reovered. Finally,8 GeV anti-proton bunhes are injeted in the Main Injetor again, in the oppositediretion than proton bunhes, where they reah 150 GeV before extration to theTevatron.2.1.4 Reyler RingThe Reyler Ring (RR [30℄) is a onstant 8 GeV-energy storage ring, whih sharesthe tunnel where the Main Injetor is installed. A limiting fator of p�p olliders is theavailability of anti-protons. The RR has been oneived to exploit the anti-protonswhih are left in the Tevatron after the end of a yle of ollisions. Previously, left-overanti-protons, whih amount to about 75% of the quantity originally injeted, weredisarded in lead beam-dumps. In the urrent phase of data-taking, their energyis redued to 120 GeV in the Tevatron and they are then extrated and sent tothe RR. Besides, the RR funtions as a post-Aumulator ring. The ontent of the34



Aumulator Ring is periodially transferred in the RR, thus guaranteeing that theAumulator Ring is always operating in its optimum anti-proton intensity regime.The RR an hold up to 5 � 1012 anti-protons, whih are eÆiently ooled before beinginjeted in the Main Injetor for the preparation to a new yle of ollisions. The RRstarted operations in June 2004, resulting in one of the fators whih ontributed tothe boost in integrated luminosity visible in Figure 2.1.2.1.5 TevatronThe Tevatron ollider [31℄ is the main aelerator in Fermilab. It ontains 774 dipole(for steering) and 216 quadrupole (for fousing) superonduting magnets, distributedalong a ring with a 1 km radius. Proton and anti-proton bunhes are reeived fromthe Main Injetor. The 4:5 T peak �eld in the Tevatron bending magnets allowsthe partiles to be aelerated to an energy of 0:98 TeV. Protons are injeted beforeanti-protons, and by means of eletrostati separators they are fored into a losedhelioidal orbit. The same presription is applied to anti-protons, thus produing twostrands with a transverse separation whih prevents ollisions outside the designedinteration points. The Tevatron has two interation points, whih are tehniallynamed B; and D;. The loations are urrently utilized by the CDF and D; experi-ments, respetively.2.2 The CDF II detetorCDF II is a general purpose detetor aimed at measuring the observables produed inp�p ollisions. It exhibits approximate ylindrial symmetry around the axis de�ned bythe beamline. Furthermore, it is symmetrial with respet to the plane orthogonal tothe beamline and ontaining the p�p geometri ollision point. The detetor is shownin Figure 2.3.The CDF II detetor employs a Cartesian oordinate system whih reets thesymmetries of the detetor. It is a right-handed set of axes with the origin loated inthe geometrial enter of the detetor. The z axis is aligned with the proton diretion,while the y axis points upward and the x axis radially outward with respet to theenter of the Tevatron aelerator. The symmetry of the detetor also suggests theuse of polar oordinates r, ', and �. The polar angle � is de�ned relative to the zaxis.In hadron olliders, as an alternative to the polar angle, it is also useful to use therapidity y, de�ned as follows: y = �12 log E � pTE + pT ; (2.2.1)where pT is the omponent of the momentum on the x{y (r{') plane. Di�erenes inrapidity are invariant under Lorentz boosts along the z diretion.The pseudorapidity � is also often utilized as an approximation to rapidity. It is35



Figure 2.3: A ross-setional view of one half of the CDF II detetor.de�ned as follows: � = � log tan �2 ; (2.2.2)and well approximates the rapidity y when the energy of the partile is large asompared to its rest mass. The pseudorapidity is a onvenient quantity beausein the ultra-relativisti limit of a partile, in whih it oinides with the rapidity,di�erenes in pseudorapidity are Lorentz-invariant under ẑ boosts. Besides that, thedistribution of the light produts of a p�p interation is roughly at in �, with a densityof about four harged partiles per unit of rapidity, at the Tevatron.Other onvenient variables typially utilized are the transverse energy ET and theapproximately Lorentz-invariant angular distane �R:ET � E sin � ;�R � p��2 +�'2 : (2.2.3)The innermost detetor system is the traking system. It onsists of three Sil-ion mirostrip detetors, Layer00 (L00), the Silion VerteX detetor (SVX), andthe Intermediate Silion Layer (ISL), and a multi-wire drift hamber, the CentralOuter Traker (COT). These detetors are ylindrially symmetri and are designedto reord samples of the trajetories of harged partiles. These trajetories are re-ferred to as traks.The Time of Flight (TOF) system, whih is designed to provide partile identi�a-tion for low-momentum harged partiles, is loated immediately outside the trakingsystem. 36



The traking system and the TOF detetor are immersed in a 1:4116 T magneti�eld, aligned with the beamline, provided by a superonduting solenoidal oil whihis plaed immediately outside of the TOF.Charged partiles follow helial trajetories inside a magneti �eld, whih areompletely de�ned by �ve parameters, three of whih are hosen to belong to thetransverse plane of symmetry. These �ve parameters, illustrated in Figure 2.4, are:d0 The impat parameter d0 measures the distane between the partile trajetoryand the z axis at the point of losest approah between the trajetory and thegeometrial enter of the detetor. It is a signed quantity, and is de�ned as:d0 = q � �px2 + y2 � R� ; (2.2.4)where q is the harge of the partile, (x; y) the enter of the helix, and R theradius of the irle obtained by projeting the helix on the r{' plane.C The urvature C is ompletely determined by the omponent of the partilemomentum in the transverse plane. In fat, C = a=pT , with a = 2:115939 �10�3 m�1 GeV= at CDF II.'0 The azimuthal angle '0 measures the diretion, in the transverse plane, of themomentum of the partile at the point of losest approah to the enter of thedetetor.z0 The z ylindrial oordinate of the point of losest approah between the partiletrak and the z axis de�nes the z0 parameter.� The last parameter is de�ned as ot �0=2, where �0 is the angle between the zaxis and the momentum vetor of the partile.On a side note, the often mentioned point of losest approah between the traje-tory and the z axis an belong to an extrapolation of the segment of helix whih isreonstruted by the traking system.The solenoidal magnet separates the traking volume from the �nely segmentedeletromagneti and hadroni alorimeters, responsible for energy measurements ofneutral and harged partiles. Finally, the subdetetors of the Muon systems areloated outside the alorimeters.More information on the CDF II detetor an be found in Referenes [32℄ and [33℄,and in spei� referenes for eah subdetetor. The desription of the trigger, trakingand TOF systems are emphasized, beause they represent the aspets of the detetormore ritial to the analysis presented in this doument.2.2.1 Layer00Layer00, L00 [34℄, is the �rst detetor that partiles enounter after leaving the inter-ation point, and provides useful information for the two-dimensional reonstrutionof traks left by harged partiles. It onsists of a single layer of silion mirostrips,37



PSfrag replaements z0 '0d012C�0
Figure 2.4: A pitorial representation of the parameters hosen to desribe traksin the CDF II detetor, in the longitudinal, z-y (left), and transverse, x-y or �-'(right), planes. The z axis is oriented in the right-left diretion in the longitudinalview, while is indiated by the ross in the middle of the transverse view.loated at a radius of 1:6 m from the beamline. It measures 80 m in length. Thebasi readout elements are 10 m long, single-sided axial strip sensors. The implantpith is 25 �m with an alternate strip readout, giving a readout pith of 50 �m. Thesingle-hit resolution is 6 �m. The total number of hannels readout is 13,824.Figure 2.5 learly shows the improvement in impat parameter resolution obtainedby inluding L00 hits in the trak �ts, ompared with �ts whih utilize only the infor-mation of the other subdetetors of the traking system, SVX, ISL, and COT. Typialtrak momenta for B deay daughters are below 2 GeV=, where the improvement inresolution is the greatest. The eÆieny for adding a L00 hit to the other trak hitsis 65% and the e�et is a 10 to 20% redution of the impat parameter resolution.2.2.2 Silion VerteX detetor IIThe Silion VerteX detetor, SVXII [35, 36℄, shown in Figure 2.6, is made of �velayers of double-sided silion mirostrip sensors. It extends radially from 2:5 m to10:6 m and overs 87 m along the z axis, guaranteeing a good geometri overage upto j�j ' 2:0. Three layers have sensors whih allow for the simultaneous measurementof the hit position in the transverse plane (the mirostrips are parallel to the z axis)and along the z axis (the mirostrips are orthogonal to the beamline diretion). Thesensors of layers 2 and 4, instead, have mirostrips whih are orthogonal to a planewith a stereo angle of 1:2Æ with respet to the z axis, usually indiated with thenotation of r{'0 plane. The readout pith is 60 : 62 : 60 : 60 : 65 �m on the r{'plane and 141 : 125:5 : 60 : 141 : 65 �m on the r{z or r{'0 planes. The readoutpith is larger for r{z strips to limit the total number of hannels to read, whihwould be exessive for an almost 90 m long detetor. This design permits the three-dimensional reonstrution of traks. The sensors are arranged in three barrel-shaped38



Figure 2.5: Impat parameter resolution of traks with L00 hits (blue/dark) andwithout L00 hits (red/light), as a funtion of the transverse momentum of the traks.
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wedge� � � � � � � � � � � �Figure 2.6: The Silion VerteX detetor SVXII. An illustration of the three instru-mented barrels of SVXII (left) and a ross-setional view of a barrel in the r{' plane.regions, eah of whih is divided into twelve wedges. The ative area of silion is about2:5 m2. The 400k hannels of SVXII are read in 10 �s, whih is fast enough to allow fortheir use in impat-parameter{based triggers in the seond level of the CDF trigger.39



Figure 2.7: The Intermediate Silion Later ISL: 3D view of the three barrels whihompose the detetor (left) and loseup of one setion of the end view of an externalbarrel (right).2.2.3 Intermediate Silion LayerThe last silion-based detetor is the Intermediate Silion Layer, ISL [37℄, presentedin Figure 2.7. It is installed between the SVX and the Central Outer Traker drifthamber, and onsists of three layers of double-sided silion mirostrip modules, withtwelve wedges overing the entire azimuthal angle '. The j�j < 1 region is overedby a single layer loated at 23 m of radius. This layer provides an additional posi-tion measurement whih allows for a better extrapolation from the drift hamber tothe SVX. Two lateral layers are installed 20 m and 29 m far from the beamline,extending longitudinally in the 1 < j�j < 2 region. They permit three-dimensionalreonstrution of traks in a region where the overage of the drift hamber is partialand allow for stand-alone silion traking. Figure 2.8 shows the loation of the layersof the silion subdetetors in the r{z plane.The sensors have mirostrips parallel to the z axis and with a stereo angle of 1:2Æwith respet to the same axis, for position measurements in the r{' and r{'0 planes,respetively. The readout pith is 112 �m (112 � 146 �m) for axial (stereo) strips,with an expeted single-hit resolution of < 16 �m (< 16� 23 �m).Eah readout module, alled a ladder, onsists of three sensors and their readouteletronis. The ISL ontains 296 ladders, whih aount for its more than 300k ofreadout hannels. The detetor is 174 m long, with omplete overage in '. Theative area of silion is 3:5 m2.2.2.4 Central Outer TrakerThe Central Outer Traker (COT [38℄) is an open-ell drift hamber, with 8 superlay-ers onsisting of 12 layers of wires eah, for a total of 96 possible measurements per40



Figure 2.8: Coverage of the silion subdetetors in the r{z plane. The sales of thez and r axes are di�erent.trak. A setion of the r{' view of the detetor is shown in Figure 2.9. The ativevolume of the hamber extends radially from 43:4 m to 132:3 m and longitudinallyin jzj . 155 m. Traks from the enter of the CDF detetor are ompletely ontainedin the COT when j�j < 1:3. The hamber is �lled with a 50 : 50 Argon-Ethane gasmixture bubbled through Isopropyl alohol (1:7%). In suh an admixture, the driftveloity is equal to � 50 �m=s and hit signals are olleted in less than 200 ns, whihis shorter than the inter-bunh spaing of 396 ns. The drift �eld, the homogeneityof whih is guaranteed by the 33k potential wires, is 3:5 KV/m and the orrespond-ing Lorentz angle is 35Æ. Instead of the usual �eld wires, 250 �m-thik gold-platedMylar sheets separate the COT ells, shown in Figure 2.9. These �eld panels addi-tionally provide mehanial isolation among ells, thus limiting the possible damagesprodued by broken wires. The COT ontains 2520 ells, eah of whih has 12 ativewires. Traks are reonstruted in three dimensions exploiting information from the4 axial superlayers (wires parallel to the z axis) and the 4 stereo ones (� 3Æ stereoangle between wires and z axis).The traking performane of the detetor turned out to be better than expeted.The traking eÆieny for traks that transverse its entire volume radially is 99% forharged partiles with pT � 2:0 GeV=, and falls to 95% when pT = 0:5 GeV= [39℄.The hit resolution is about 140 �m. The transverse momentum resolution �pT =pTis approximately 0:15% � pT [GeV=℄, whih results in exellent mass resolution ofompletely reonstruted states. The mass resolution is typially 15 MeV=2 forB0s ! D�s �+. In addition, silion measurements lose to the beam allow preise41
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Figure 2.10: COT separating power in units of standard deviations vs. transversemomentum. The separation between pions and kaons, protons, and eletrons areshown in blak dashed, red dotted and blue solid line, respetively.identi�ation simulation in Monte Carlo, and in Setion 6.5, where the appliation ofpartile-identi�ation in the CDF same-side tagging algorithm is presented.2.2.5 Time Of FlightThe Time of Flight (TOF [41℄) detetor was oneived and realized to provide partileidenti�ation apabilities for CDF expressly for the B0s mixing analysis. It onsists of216 sintillator bars, approximately 280 m long and with a ross-setion of 4 m �4 m, installed between the COT and the ryostat whih ontains the superondutingsolenoid, at a radial distane of 140 m from the interation point (Figure 2.11). Eahbar is equipped with photomultiplier tubes at both ends. The photomultipliers havea speial design. The dynodes of a lassi photomultiplier are replaed by alignedgrids, \�ne mesh" design, whih allow the eletron asade to develop longitudinally,parallel to the magneti �eld. This on�guration permits the maintenane of anadequate gain even in the 1:4 T magneti �eld in whih the photomultipliers operate.The loation of the TOF installation and the sintillator-photomultiplier assemblyare shown in Figure 2.11.The TOF system plays a major rôle in the B0s mixing analysis. The measurementof the arrival time (tight) to the TOF, with respet to the bunh-rossing time, of apartile allows one to infer the mass of the partile aording to the following relation:m = ps2t2ightL2 � 1 ; (2.2.5)43
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Figure 2.11: The Time Of Flight detetor. On the left, the loation of TOF is shownin a side view of CDF II. On the right, the arrangement of the sintillator, Winstonone and photomultiplier assembly. The Winston one optimizes the optial ouplingbetween the sintillator and the photomultiplier.where p is the momentum of the partile and L is the path length, both preiselymeasured by the traking system. The resolution of the measured tight of a partileis desribed by two Gaussians, the narrower of whih has width between 100 psand 120 ps, and ontains 85% of the area of the resolution funtion. Suh resolutionallows for kaon-pion separation, whih is fundamental for the same-side avor taggingalgorithm used in this thesis, at the > 2{standard-deviations level for traks withpT < 1:5 GeV= (Figure 2.12).2.2.6 CalorimetryAll the alorimetri detetors in CDF are based on plasti sintillators. Layers ofsintillator and absorbers are alternated to form sampling alorimeters in the shapeof towers whih subtend a portion of solid angle, segmented in retangular ells inthe �{' plane. Eah tower is divided into two ompartments: on the inside is theeletromagneti alorimeter, using lead as absorber, whih is followed by the hadronialorimeter on the outside, whih instead ontains iron and plasti sintillator. Theoverage is omplete in the azimuthal angle ' and up to j�j < 3:6. The � oordinatedistinguishes two areas: Central and Plug.In the next paragraphs, the di�erent subdetetors of the CDF alorimeter systemare disussed. A summary of their main harateristis is presented in Table 2.2.Central alorimetersThe alorimeter in the Central region overs the j�j < 1:1 range in pseudorapidity.Eah tower measures �� � �' = 0:1 � 15Æ in the �{' plane. The Central Ele-troMagneti alorimeter (CEM [42℄) ontains 5 mm-thik layers of sintillator and3:4 mm-thik layers of lead, whih orresponds to 0:6X0, where X0 = 0:56 m is theradiation length of lead. A partile inident normal to the detetor transverses the44
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Figure 2.12: Expeted TOF separating power, in units of standard deviations vs.momentum. The dashed line reports the K� � separation provided by spei� ion-ization in the COT. � overage Thikness Resolution [%℄Central EM (CEM) j�j < 1:1 19X0, 1�0 14=pE[GeV℄ sin � � 2Plug EM (PEM) 1:1 < j�j < 3:6 21X0, 1�0 16=pE[GeV℄ sin � � 1Central HA (CHA) j�j < 1:1 4:5�0 50=pE[GeV℄ sin � � 3Wall HA (WHA) 0:7 < j�j < 1:3 4:5�0 75=pE[GeV℄ sin � � 4Plug HA (PHA) 1:3 < j�j < 3:6 7:0�0 74=pE[GeV℄ sin � � 4Table 2.2: Summary of the overage, thikness and resolution of the CDF alorime-ters [32℄. The thikness is expressed in terms of the radiation length X0 and theinteration length �0.detetor enounters 19X0 and 1�0 of matter (�0 is the nulear interation length,�0(Pb) = 17:09 m).The entral eletromagneti alorimeter is integrated by two detetors whih pro-vide information about the position and shape of eletromagneti showers. A set ofmulti-wire proportional hambers (the Central Preshower Radiator, CPR) was in-stalled between the solenoid and the �rst layer of the alorimeter to monitor photononversions started in the traker material or in the magneti oil, whih ats as aradiator. The CPR was replaed by a �nely segmented layer of sintillators [43℄ dur-ing the programmed interruption of Tevatron operations in the fall of 2004. Anotherset of wire hambers (CES) is loated at a radial depth of 6X0, where the peak ofshower development is typially loated. The transverse shower-shape is measured45



Wave Shifter
Sheets

X

Light 
Guides

Y

Phototubes

LeftRight

Lead
Scintillator
Sandwich

Strip
Chamber

Z

To
wers

9
8

7
6

5

4
3

2
1

0

Figure 2.13: Shemati view of an azimuthal setor of entral alorimeter (left) andelevation view of the upper part of the plug alorimeter (right). The elevation viewon the right also indiates the loation of the entral alorimeters, above the ryostat,and the wall hadroni alorimeter, on the right of the entral alorimeters and abovethe plug hadroni alorimeter. The plug shower-max detetor is visible inside theplug eletromagneti alorimeter.with 2:0 mm resolution (for 50 GeV eletrons). The CPR and CES systems provideuseful piees of information for the identi�ation of eletrons.The Central HAdroni alorimeter (CHA [44℄), behind the CEM, ontains 10 mm-thik layers of sintillator alternated with 2:54 m-thik layers of steel. The totaldepth of the hadroni alorimeter, whih ontains 32 layers of absorber, is 4:5�0.The hadroni setion is ompleted by the wall hadroni alorimeter (WHA), whihimitates the struture of the entral hadroni alorimeter, extending its overage upto j�j < 1:3. The wall alorimeter ontains only 15 layers of 5:1 m-thik absorber,whih explains its worse energy resolution, as shown in the summary in Table 2.2.Figure 2.13 presents a sketh of a setor of the Central alorimeter, while photographsand further drawings of it may be found in the papers ited in this setion.Plug alorimetersThe towers of the plug alorimeter, whih is shown in Figure 2.13, measure ����' =0:1�0:16�7:5Æ for 1:1 < j�j < 2:1 and ����' = 0:2�0:6�15Æ for 2:1 < j�j < 3:6.Their struture resembles the alorimeter in the entral area. The eletromagnetisetion (PEM [45℄) is onstituted by a sampling alorimeter. A PEM sampling unitis made by a layer of lead and one of sintillator, 4:5 mm (0:8X0) and 4 mm-thik,respetively. The 23 samplings in eah tower over 21X0, 1�0.The position and shape of eletromagneti showers in the plug region are measuredby a preshower detetor (the Plug PReshower detetor, PPR) and a shower-maxposition detetor (the Plug Shower Max, PSM [46℄). The �rst sampling unit of the46



PEM (i.e., the losest to the geometrial enter of the CDF II detetor) ontainsexeptionally thik sintillator layers (10 mm) whih are individually read out andonstitute the PPR. Inorporated in the plug alorimeter at a depth of 6X0 are theomponents of the PSM, designed to provide measurements at the nominal showermaximum. These onsist of two layers of sintillator strips with 5 mm pith and a45Æ rossing angle between strips in the two layers, read out with wave-length shifting�bers. They measure the spatial position and pro�le with a resolution of 1 mm wherethe shower is at its greatest development.The Plug HAdroni alorimeter (PHA) ontains 23 sampling units, eah of whihhas 6 mm of sintillator and 50 mm of iron. The depth of the detetor measures 7�0.The layers of the Plug alorimeter have annular shape and the outer radius of eahhadroni module inreases with inreasing jzj, produing the harateristi \plug"shape of the alorimeter.2.2.7 Muon hambersCDF II uses four independent systems of sintillators and drift hambers to detetmuons in the j�j < 1:5 region. The subdetetors whih ompose the muon system areinstalled outside of the alorimeters and represent the last part of the CDF detetorthat a partile an interat with. Single-wire, retangular drift hambers �lled witha 50 : 50 gas mixture of Argon-Ethane ompose the subdetetors. The hambers arearranged in staggered arrays with four layers, with various azimuthal segmentation,and are oupled to sintillators. Sintillators provide timing information to suppressbakgrounds due to seondary interations in the beam pipe material and osmirays. Hits in three mathing radial layers onstitute a muon stub. A muon stuborresponding to the extrapolation of a COT trak identi�es a muon andidate. Theoverage of the CDF muon system in the �{' spae is shown in Figure 2.14.The Central MUon detetor (CMU [47℄) and Central Muon uPgrade detetor(CMP [48℄) over the entral region (j�j < 0:6) providing a measurement of the z and' oordinates of the muon andidate. The CMU is installed at a radius of 347 mfrom the beam axis, at a depth of 5:5�0 from the interation point. Eah of the 144modules of the CMU ontains 16 ells, staked four deep in the radial diretion. Thedi�erene in arrival-time of the drift eletrons between ells in di�erent layers providea resolution in the drift diretion as good as 250 �m. Division of the harge olletedat the two extremities of sense wires allows for the measurement of the z position ofhits with up to 1:2 mm resolution.The CMP is a seond set of drift hambers, loated behind an additional 60 mof steel. The hambers are arranged to enlose the detetor inside an approximatelyretangular box (Figure 2.15). The wall drift hambers (i.e., the hambers whih spanthe y{z plane) are oupled to a layer of sintillator ounters, installed on the outsidesurfae of the hambers. The purpose of CMP is to over the ' gaps of CMU andenhane the rejetion of penetrating high energy hadrons (fake muons).The Central Muon eXtension detetor (CMX) operates in 0:6 < j�j < 1:0. Twolayers of sintillator ounters over the internal and external surfae of an eight-layerarray of drift hambers. The CMX is installed at a radial distane of 400�600 m from47
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Figure 2.14: Coverage of muon hambers. The hathed and shaded areas representthe regions in �{' whih are instrumented by the subdetetors of the CDF muonsystem. The gap in the overage of the CMX detetor orresponds to the top area onthe east side of CDF where the ryogenis system of the CDF solenoid is installed.The uninstrumented region of the IMU detetor orresponds to the support strutureof the toroids whih hold the IMU muon hambers.

Figure 2.15: Central Muon uPgrade CMP. In this x{y setion of the CDF detetor,the CMP forms a retangular box (dark shaded area) whih surrounds the other partsof the CDF detetor. 48



Figure 2.16: Central Muon eXtension. The drawing shows an elevation view inthe x{y plane of a setion of the CMX detetor. The part depited is referred to as\miniskirt" beause it overs the lower setion of the azimuthal range.� overage ' overage Depth Minimum pT (�)CMU j�j < 0:6 302Æ 5:5�0 1:4 GeV=CMP j�j < 0:6 360Æ 7:8�0 2:2 GeV=CMX 0:6 < j�j < 1:0 360Æ 6:2�0 1:4 GeV=IMU 1:0 < j�j < 1:5 270Æ 6:2� 20�0 1:4� 2:0 GeV=Table 2.3: Summary of the overage, thikness and minimum detetable pT , onaverage, of the CDF muon detetors. The depth is expressed in pion interationlengths and is quoted for a referene axial angle � = 90Æ in CMU and CMP, and� = 55Æ in CMX.the beam axis. Its hambers are arranged to form an arh, as shown in Figure 2.16.The azimuthal overage is not omplete in the east side of the CDF detetor. Theregion whih would ontain the uppermost edges of the CMX detetor is oupied bythe ryogenis system of the CDF solenoid.The Intermediate MUon system (IMU [49℄) is used to identify muons in the1:0 < j�j < 1:5 region, with three-quarters of the azimuth instrumented. The in-ompleteness of the azimuthal overage is due to the presene of support strutures.The IMU onsists of four staggered layers of drift hambers and a layer of sintillationounters, mounted on the outer radius of two steel toroids. Due to the geometry ofthe installation, the amount of material that a partile has to ross before reahingthe IMU hambers varies between 6:2 and 20 interation lengths in the j�j range ov-ered by the subdetetor. The IMU system is installed around the toroids (hathedshading) in the enter of Figure 2.17.The CDF alorimeter, the magnet return yoke, and additional steel shielding atas muon �lters suppressing hadrons from reahing the muon hambers. The muonpurity inreases with the e�etive shielding, but at the expense of eÆieny for lowmomentum muons, whih do not have enough energy to y through the shielding.The e�etive hadroni shielding and the minimum momentum that, on average, amuon must have to reah the muon detetors are summarized in Table 2.3, where the�{' overage of eah muon subsystem is also reported.49



IMU
Figure 2.17: Intermediate MUon system IMU. The diagonally hathed area in themiddle of the �gure represents the setional view of the toroids around whih the IMU(dark shaded) is installed. The �gure also shows a y{z view of the CMX detetor,whih orresponds to the two dark shaded areas in the middle of the piture thatextend diagonally.2.2.8 CDF trigger systemThe online seletion of events with interesting physis ontent is ruial in the p�penvironment where CDF operates. The total ross-setion of p�p inelasti interationsis � 60 mb, whih, at the luminosity of 1032 m�1s�1, yields a rate of inelasti inter-ations of the order of 6 MHz. Moreover, beause the average size of the informationassoiated to eah event is � 140 kbyte, an approximate throughput and storage rateof 840 Gbyte=s, unattainable with the urrently available tehnology, would be neededto reord all events. However, the ross-setions of interesting physis proesses aremany orders of magnitude smaller than the inelasti p�p ross-setion (for example,the total ross-setion for b�b prodution is about 0:1 mb), and the online preseletionof events adapts the interation rate to the storage rate of CDF.The CDF detetor utilizes a three-level trigger system whih performs the onlineseletion of events enrihed in events with interesting physis. The input event rateis redued at eah level, providing inreasing time for more omplex and auratereonstrution tasks. The rate of events whih satisfy the trigger seletion is � 75 Hz.50
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Parameter ValueTrak �nding eÆieny 96%pT resolution, �pT =p2T 1:7%(GeV=)�1'6 resolution, �'6 3 mradTable 2.4: Performane of XFT.the end of the pipeline are rejeted. Events are similarly lost if, even after a Level-1aept, Level-2 is unable to proess a new event beause its four bu�ers are full. Thelateny of the Level-2 deision, whih is 5:5 �s �4 ' 20 �s, is less than approximately80% of the average time between Level-1 aepts, in order to minimize deadtime.The input to the Level-1 system onsists of a simpli�ed subset of data oming fromthe COT, the alorimeters and the muon hambers, whih are proessed by ustom-designed hardware to produe low-resolution physis objets, alled primitives. Theinformation from these objets is then ombined into more sophistiated ones. Forexample, trak primitives are mathed with muon stubs to form muon objets, whihare subjeted to basi seletions.Trak primitives onstitute an important part of the trigger seletions whih areused to ollet the B0s data samples utilized in the analysis doumented in this thesis.The online trak proessor whih produes trak primitives for the Level-1 trigger isthe eXtremely Fast Traker (XFT [50℄). The XFT utilizes the hits on the four axiallayers of the traking hamber and produes 2D reonstrution of traks in 2:7 �s,and thereby measuring the transverse momentum pT and the azimuthal angle of thetrak on the sixth superlayer of the COT '6. These variables are used for trak-basedpreseletion of events. The performane of XFT is summarized in Table 2.4. The re-onstrution proeeds by searhing oinidenes between the observed ombinationsof hits in eah superlayer and a set of predetermined patterns. Eah oinidene,whih require a ombination of hits with a minimum of 11 (out of 12) hits per su-perlayer1, provides a trak segment. Subsequently, a four-out-of-four math is soughtamong segments in the four superlayers, by omparing the segments with a set ofabout 2,400 predetermined patterns orresponding to all traks with pT & 1:5 GeV=originating from the beamline. The COT is logially divided by the XFT in 288segments, with a unique trak allowed per 1:25Æ segment. The pattern mathing isperformed in parallel in eah of the 288 segments. If no trak is found using all foursuperlayers, then the best trak found in the innermost three superlayers is output.The traks found by the XFT are not uniquely utilized for trak-based triggers, butare redistributed by the eXTRaPolation unit (XTRP), as shown in Figure 2.19, to thesubsystems of the Level-1 trigger, whih produe the objets of the trigger seletionusing the XFT trak primitives. The XTRP is responsible for the extrapolationof the XFT traks to the alorimeter and muon detetor systems for mathing withalorimeter towers and muon stubs. The XTRP also saves the XFT traks in a bu�er,ready to send them to the seond level of the trigger in ase the event is aepted.The Level-1 subsystem that produes the alorimeter-based trigger is alled L1CAL.110 hits out of 12 were required before Otober 2002.53



Clusters of energy left in the alorimeters, formed by applying thresholds to individ-ual alorimeter towers, are utilized to reate primitives suh as photons, jets2, andeletrons, the latter requiring an extrapolated XFT trak to math with a alorimetertower. The trak extrapolation is done using look-up tables. The alorimeter triggeris also based on global event variables, suh as the missing transverse energy =ET ,and the total transverse energy PET . The transverse energy ET is alulated bysumming the alorimeter data into trigger towers weighed by sin �.The L1MUON subsystem ombines muon stubs in the muon hambers and trakprimitives into � objets. The XFT-trak primitive is extrapolated to the radii of themuon hambers by means of look-up tables. The presene in an event of objets ofthis type, Level-1 muons, haraterizes a large lass of trigger requirements.Trigger deisions whih are based solely on trak information are produed by theL1TRACK subsystem. If more than six traks are found by the XFT, an automatiLevel-1 aept is generated. Otherwise, the pT and '6 information is utilized tointerrogate look-up tables to generate various Level-1 triggers.Triggers are often in the awkward situation of requiring a redution of their ratein order to aommodate them in the available bandwidth, but yet it is not possibleto tighten the seletion requirements without biasing the seleted sample. The ap-pliation of a randomized trigger rejetion aording to a presale fator provides asolution. The presale, a number larger than unity, represents the number of eventswhih, though satisfying the trigger ondition, are rejeted for eah aepted event,and thereby arti�ially reduing the trigger rate by the presale fator. The CDFtrigger system adopts three di�erent types of presale: �xed, in whih the presalefator does not hange; dynami, in whih the presale is redued in integer stepsas the instantaneous luminosity dereases and frees trigger bandwidth; and uber-dynami, in whih the trigger system feeds the Level-2 bu�ers with an event whihpassed the Level-1 trigger whenever they appear to be able to reeive an additionalevent. Trigger presales, as a funtion of time, are reorded in a database, togetherwith the desription of the run on�guration, in order to allow physiists to preiselyknow the amount of luminosity whih has been integrated.Level-2 TriggerThe seond level of the trigger (Level-2) onsists of �ve subsystems whih provideinput to four programmable Level-2 proessors in the Global Level-2 deision rate.These subsystems are represented, in Figure 2.19, by the �ve arrows whih providean input to the Global Level-2 deision board. Three of them are expliitly indiatedin the sheme (L2CAL, XCES, and SVT), while the inputs from the XTRP and theL1MUON board feed the L2TRACKING and L2MUON modules, respetively.L2CAL exploits the information from the alorimeters to de�ne energy lusters,utilized for jet triggers. Due to time-onstraints, it is not possible to perform luster2In a proton{anti-proton ollision, a large transverse momentum outgoing parton manifests itselfas a luster of partiles traveling roughly in the same diretion. These lusters are referred to as\jets". 54



�nding to reonstrut jets at Level-1. Thus, energy thresholds are applied to indi-vidual towers. Beause jets are not fully ontained by Level-1 trigger towers, thesethresholds are set muh lower than the energy of jets to provide an eÆient trigger.This results in rates that are too high for readout into Level-3. Rates are reduedby performing the reonstrution of jets using lusters of towers, thus being able tobase the trigger on more re�ned objets. The luster �nding algorithm starts from atower with energy larger than a prede�ned threshold, whih represents a seed for theluster. All nearby towers with energy larger than a lower threshold, the \shoulder"towers, are then added to the seed tower. The reonstrution of a luster is performedin parallel on all seed towers.XCES re�nes the eletromagneti objets found at Level-1 utilizing the informa-tion of the CES detetor, loated at the point of maximum development of eletro-magneti showers in the entral EM alorimeters. The signals in four adjaent CESwires are added and ompared to a threshold to form a XCES bit, with azimuthalresolution equal to 2Æ. The resolution is �ner than the one provided by the alori-metri towers and allows for a better disrimination of eletrons from bakgrounds bymathing XFT traks with CES information. The mathing of an XFT trak with anXCES luster (i.e., the summed signals from four adjaent CES wires) is performedby Level-2 proessors in the Global Level-2 deision rate.The L2MUON proessor is responsible for the onstrution of Level-2 muon an-didates. The muon objets utilized by the Level-2 trigger have a more re�ned 'segmentation than Level-1 muons, 1:25Æ vs. 2:5Æ.The Silion Vertex Traker (SVT [51, 52℄) is the most innovative part of the CDFtrigger. It utilizes XFT traks and SVXII hits, and reonstruts traks, albeit inthe transverse plane only, with a resolution whih is omparable with o�ine reon-strution algorithms. The revolutionary impat of the SVT onsists in it performingonline measurements of impat parameters of harged partiles with a rate of 30 kHz.Their displaement with respet to the beamline is orrelated with the lifetime ofthe deaying partile whih produed them. The SVT is apable of disriminatingO(100 �m) impat parameters from the O(10 �m) beam spot, fast enough to allowfor the use of this information at Level-2. The speed of the SVT is largely due to ahighly-parallelized arhiteture, whih mathes the geometrial segmentation of theSVXII. The twelve azimuthal setors of eah of the six half barrels of the SVXIIare proessed independently. The SVT requires the oinidene of an XFT trakand hits in four axial SVXII layers. Trak reonstrution onsists of two stages. Inthe �rst, low-resolution, stage, adjaent detetor hannels are grouped together intosuper-bins, the width of whih is programmable, with 250-700 �m typial values. Aset ontaining about 95% of all super-bin ombinations in four SVXII layers ompat-ible with the trajetory of a harged partile with pT & 2 GeV= originated from thebeamline (\patterns") is alulated in advane from simulation and stored in the SVTinternal memory. The ombination of super-bins ontaining hits orresponding to thetrak whih is being reonstruted is mathed to a stored pattern. A low-resolutionandidate trak, alled \road", onsists of a ombination of four exited super-binsplus the XFT trak parameters. A maximum of 64 roads per event is retained forfurther proessing after the �rst stage of pattern mathing. The seond stage of trak55
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Figure 2.20: Impat parameter resolution as measured by SVT. The distributioninludes the e�et of the beam size. The SVT measures impat parameters with ar.m.s. width of 35 �m.reonstrution onsists of a linearized �t. No exat linear relation holds between thetransverse parameters d0, C and '0 of a trak in a solenoidal �eld and the oordinatesof hits on a radial set of at detetor planes. It is shown in Referene [53℄ that forpT > 2 GeV=, jd0j < 1 mm and �'0 < 15Æ, a linearized �t biases the reonstrutedd0 by at most a few perent. The SVT exploits this feature by expanding the non-linear onstraints and the parameters of the real trak to �rst order with respet tothe referene trak assoiated to eah road. The onstants whih de�ne the linear ex-pansion are determined by the geometry of the detetor and the beamline alignment.They are alulated in advane and stored in the internal memory of the SVT. The�t for the trak is then redued to the evaluation of a set of salar produts, whihis performed within 250 ns per trak. The distribution of SVT-measured impat pa-rameters of prompt traks, i.e., those traks assoiated to partiles produed in thehard p�p interation, is shown in Figure 2.20. The r.m.s. width of the distribution,� � 47 �m, inludes the ontribution of the transverse beam-spot size, while the SVTresolution is �SV T � 35 �m. The SVT eÆieny is higher than 85%. This eÆienyis de�ned as the ratio between the number of traks reonstruted by the SVT andall the o�ine traks of physis analysis quality whih ontain silion hits and aremathed to an XFT trak.Traking information is olleted by the L2TRACKING module, whih reeivesthe XFT traks from the XTRP and the Level-2 traks from the SVT, whih inludeimpat parameter information. The data from the SVT arrives later than the datafrom the other systems, beause it takes on average 10 �s to proess the SVXII,whih is the total time alloated to ollet Level-2 data. The L2TRACKING module56



| and the other Level-2 proessors | starts analyzing the event before SVT datais omplete. The impat parameter information is utilized only if it is required tomake the Level-2 deision, while it is not tested if all the triggers whih require SVTinformation are rejeted by other uts.The system works as a two-stage pipeline with a design lateny of 20 �s for anevent. During the �rst stage, whih takes 10 �s, events are loaded in the memory ofthe Level-2 proessors. At the same time, L2CAL proesses the alorimeter data andthe SVT ollets data from the SVXII. The last 10 �s are utilized by the Global Level2 system to make the �nal Level-2 trigger deision. During the latter phase, the nextevent is loaded and analyzed. The Level-2 system uses four bu�ers to maintain thefration of deadtime below a few perent. The output rate of the Level-2 trigger islimited to the input apaity of the trigger of the third level, whih is about 300 Hz.Level-3 TriggerThe third level of the trigger (Level-3) is formed by a farm of ommerial omputers,running the LINUX operating system. The maximum input rate, whih is identialto the output rate of the Level-2 trigger, is 300 Hz, and the Level-3 output rate islimited by a maximum mass storage rate of 20 Mbyte=s at whih data are reordedto disk, and roughly orresponds to 75 Hz.Upon Level-2 aept, the data from the whole detetor are sent to the Level-3farm by the EVent Builder (EVB [54℄) system, as opposed to the Level-1 and Level-2 triggers, whih only reeive data from some subdetetors. The EVB assemblesevent fragments from the front-end rates of the CDF subdetetors in a unique eventreord, a blok of data orresponding to a bunh rossing. As shown in Figure 2.21,data are �rst reeived by the VME Readout Boards (VRB), eah of whih is linkedto a group of front-end rates. The VRB are grouped in 15 EVB rates, eah ofwhih is ontrolled by a single board proessing unit, the Sanner CPU (SCPU). AnAsynhronous Transfer Mode (ATM) network swith provides the onnetion betweenthe EVB rates and the onverter nodes (CV) of the Level-3 farm3. Converter nodestransfer event fragments from the EVB rates to the proessing units of the Level-3farm, as it will be explained in detail in the next paragraph. Data ow betweenSCPU's and the Level-3 farm is ontrolled by the Sanner Manager (SM), a proessrunning in an additional EVB rate whih onstitutes the interfae between the EVBsystem and the Trigger System Interfae (TSI). The TSI is responsible for reeivingthe trigger deisions from Level-1 and Level-2, and supervising data ow until theEVB. When the TSI passes a Level-2 aept message to the SM, the SM instrutsthe SCPU's to read and ombine the event fragments in their loal rate, selets aonverter node in the Level-3 farm among those whih reported themselves available,and then direts the SCPU's to send the event fragments to the seleted onverternode.At the time that the data utilized in the mixing analysis had been olleted, the292 nodes of the Level-3 farm were divided in sixteen subfarms working in parallel4.3The ATM network has been substituted by a Gigabit ethernet network in August 2005.4The on�guration of the Level-3 farm, as of June 2007, inludes 384 nodes subdivided in 1857
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next hapter will introdue the strategy for the online seletion of B0s andidates, andpresent the reonstrution and seletion of the B0s andidates utilized for this analysisof B0s osillations.
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Chapter 3B0s data samplesThis hapter presents the samples of data utilized for this analysis. The strategyadopted for the online seletion of events enrihed in B0s mesons is introdued in the�rst part of this hapter. The seond part desribes the reonstrution and o�ineseletion of B0s andidates.3.1 Triggers for the B0s analysisThe set of the trigger presriptions for the �rst, seond and third level onstitutesa trigger path. Trigger paths provide a logial, though not exlusive, lassi�ationamong samples of events. The not-exlusiveness of the lassi�ation is present dueto the possibility that events satisfy the requirements of multiple paths. The triggersutilized in this analysis are variations of paths belonging to two main ategories:two-trak triggers and lepton + displaed-trak triggers.3.1.1 Two-trak triggersThe �rst lass of triggers is haraterized by the use of impat parameter uts whihenhane the long-lived partile ontent, and in partiular the b-hadron ontent. Theimpat parameter of a trak is orrelated with the lifetime of the partile whihprodued it. B mesons y, on average, 0:5 mm before deaying. This distane issigni�antly larger than the intrinsi beam size. B events are thus haraterized bythe presene of displaed traks and verties.At Level-1, the trigger requires a pair of XFT traks with a lower ut on the pT ofthe traks, on the salar sum of the pT of the traksP pT , and an upper ut on �'6,the opening angle between the two traks. The pT uts exploit the fat that the pTspetrum of the partiles produed in p�p interations follows p�8T , while the spetrumof the partiles oming from a B deay is signi�antly harder. The ut on the angularseparation eliminates the ontribution from traks inside bak-to-bak jets.The Level-2 trigger presribes the presene of two SVT traks whih on�rm theLevel-1 requirements. The angular ut, this time on �'0, is tightened, with theappliation of a lower limit. Pairs of quasi-ollinear traks are found, for example, in61



hadroni jets, due to light quark fragmentation, while the opening angle between theproduts of a B deay is more evenly distributed between 0Æ and 180Æ. The triggeradditionally inludes the already mentioned ut on the impat parameter, d0, and alower ut on rxy �PpT, where rxy is the distane, in the transverse plane, betweenthe beam position and the displaed vertex formed by the two trigger traks, andPpT is the vetor sum of the transverse momenta of the two traks. This quantityis symmetrially distributed around zero in the ase of randomly hosen traks andskewed toward positive values when the two traks ome from a B deay.Level-3 applies the requirements of Level-2 utilizing the �ts performed using thefull detetor information. Three-dimensional �ts of the trigger traks are availableand, in partiular, the points of losest approah to the z axis of the two traks arerequired to be within 5 m from eah other.Three trigger senarios, denoted BCHARM, LOWPT, and HIGHPT, are identi�ed by thedi�erent values of the uts applied. The list of their requirements are summarizedin Table 3.1. A variation of the LOWPT trigger adds the requirement of a muonwith pT > 1:5, or 2 GeV=, depending on whether it is found in the CMU or CMXsubdetetors, respetively. This muon is required to form an angle of at least 90Æfrom the diretion of eah of the SVT traks. This ut, whih uses XFT traks, andthus '6, was not imposed for some part of the data olleted by this trigger path,leading to the olletion of large semi-muoni B0s deays with this trigger.The various B triggers permit the full exploitation of the available trigger band-width. At high instantaneous luminosity in the Tevatron, higher purity seletions,i.e., the HIGHPT senario, are given priority, where purity is a measure of the signal-to-bakground ratio. As the instantaneous luminosity dereases during a store, triggerbandwidth beomes available and low purity triggers are utilized to maximize the Byield written to tape. Setion 3.2 presents a summary of the trigger omposition ofthe B0s data sample utilized for this analysis of B0s � B0s osillations.3.1.2 Lepton-plus-displaed-trak triggersThe seond lass of triggers, the lepton-plus-displaed-trak triggers, ombines therequest of a lepton in the �nal state and a trak with impat parameter greaterthan a threshold. The type of lepton, either an eletron or a muon, and the type ofhambers whih identi�ed the lepton (in the ase of muons, CMP, or CMU) label thetrigger paths whih fall in this ategory. Lepton identi�ation is thoroughly explainedin Referenes [55℄ (muon identi�ation) and [56℄ (eletron identi�ation).Level-1 requires a muon or an eletron objet with pT > 4:0 GeV= and an XFTtrak with pT > 2:0 GeV=. The muon objet is de�ned as an XFT trak mathedto a muon stub in both the CMU and the CMP hambers. The eletron objet isharaterized by an XFT trak mathed to a alorimeter trigger tower with ET >4 GeV. In addition, the ratio between the fration of energy deposited in the HAsetion and in the EM one (EHA=EEM) is required to be smaller than a �xed threshold.An upper ut on the angular separation between the lepton objet and the XFTtrigger trak is applied.At Level-2, a Level-2 lepton and an SVT trak must satisfy the Level-1 uts. The62



Level-1 Level-2 Level-3XFT traks SVT traks COT+SVX traksHIGHPT pT > 2:46 GeV= pT > 2:5 GeV= pT > 2:5 GeV=opposite harge opposite harge opposite harge�'6 < 135Æ 2Æ < �'0 < 90Æ 2Æ < �'0 < 90ÆP pT > 6:5 GeV= P pT > 6:5 GeV= P pT > 6:5 GeV=120 �m < d0 < 1 mm 120 �m < d0 < 1 mmLxy > 200 �m Lxy > 200 �mj�z0j < 5 mBCHARM pT > 2:04 GeV= pT > 2:0 GeV= pT > 2:0 GeV=opposite harge opposite harge opposite harge�'6 < 135Æ 2Æ < �'0 < 90Æ 2Æ < �'0 < 90ÆP pT > 5:5 GeV= P pT > 5:5 GeV= P pT > 5:5 GeV=120 �m < d0 < 1 mm 120 �m < d0 < 1 mmLxy > 200 �m Lxy > 200 �mj�z0j < 5 mLOWPT pT > 2:04 GeV= pT > 2:0 GeV= pT > 2:0 GeV=�'6 < 90Æ �'0 < 90Æ 2Æ < �'0 < 90ÆP pT > 4:0 GeV=120 �m < d0 < 1 mm 120 �m < d0 < 1 mmLxy > 200 �m Lxy > 200 �mj�z0j < 5 my CMU or CMP muonpT (�CMU) > 1:5 GeV= �'6(�; trk) > 90Æor pT (�CMP ) > 2:0 GeV=Table 3.1: Displaed two-trak trigger requirements. The variable Lxy representsrxy�PpT, de�ned in the text. The requirement for the traks to be oppositely-hargedin the two senarios with higher purity optimizes the seletion for B0d;s ! h+h� deays,without majorly a�eting the olletion of B multi-body deays.y The additional request of a muon objet haraterizes the �+LOWPT path.eletron is additionally required to have at least 2 GeV energy measured by the CES.The SVT trak is also required to have 120 �m < d0 < 1 mm and, for eletron triggersonly, to be within an angle between 2Æ and 90Æ from the lepton trak.The proessors of the Level-3 farm have aess to better trak �ts and muhmore information whih is used to de�ne triggers. The opening angle between thelepton and SVT trak is required to be in the (2Æ; 90Æ) range for both eletrons andmuons. The lepton identi�ation riteria are also tightened. In the eletron ase,the transverse (�x) and longitudinal (�z) distanes between the shower entroidmeasured by CES and the extrapolated trak position are required to be within apreseleted upper value. The transverse and longitudinal pro�les of the showers inthe CES are also ompared to default shapes produed by test beam eletrons, and an63



Level-1 Level-2 Level-3eletron pT > 4:0 GeV= pT > 4:0 GeV= pT > 4:0 GeV=ET > 4 GeV ECES > 2 GeV �xCES < 5 m�zCES < 3 mEHA=EEM < 0:125 �2x < 10, �2 < 15Lshr < 0:22Æ < �'0(e; trk) < 90Æmuon pT > 4:0 GeV= pT > 4:0 GeV= pT > 4:0 GeV=CMU and CMP stubs �xCMU < 15 m�xCMP < 20 mtrak pT > 2:0 GeV= pT > 2:0 GeV= pT > 2:0 GeV=120 �m < d0 < 1 mm 120 �m < d0 < 1 mmm(`; trk) < 5 GeV=22Æ < �'0(`; trk) < 90ÆTable 3.2: Lepton-plus-displaed-trak trigger requirements.appropriate �2 is de�ned by omparing the two sets. Level-3 is also able to enfore aut on the reonstruted mass of the lepton-trak pair, by using three-dimensionally{reonstruted traks. Another quantity that is used for eletron identi�ation is thelateral shower sharing Lshr [57℄ whih measures the di�erene between the observedsharing of energy deposition between towers in the CEM and the deposition expetedfrom real eletromagneti showers. In the muon ase, a ut is applied to the distane�x between the CMU and CMP stubs and the extrapolated trak. The requirementsof the lepton-plus-displaed-trak trigger are listed in Table 3.2.A brief summary of the ontribution of lepton-plus-displaed-trak triggers to ourdata sample is presented in the next setion.3.2 Data samples for the analysis of B0s osillationsThe data samples utilized in the analysis presented in this doument were reordedin the period from Marh 2002 to January 2006. They orrespond to an integratedluminosity of about 1 fb�1, after imposing the requirement that the full detetorsystems were properly funtioning. As a side note, one of the biggest soures of datalosses is the request that the SVXII is on. Stable beam onditions are neessary toredue the possibility that the silion detetors are damaged by beam losses.Three periods of data-taking, usually referred to as 0d, 0h, and 0i, are identi�ed.The separation omes from the name of the �les whih ontain the data orrespondingto the Marh 2002 { September 2004 (355 pb�1), Deember 2004 { November 2005(410 pb�1), and November 2005 { January 2006 (230 pb�1) periods.The integrated luminosity of the sample whih passed the BCHARM trigger path is64



De�nition Fration(BCHARM) / (TTT) 60%(LOWPT and not HIGHPT and not BCHARM) / (TTT) 30%(HIGHPT and not BCHARM and not LOWPT) / (TTT) 10%(`+SVT and TTT) / (`+SVT) 60%(`+SVT and not TTT) / (`+SVT or TTT) 10%Table 3.3: Summary of overlaps among trigger paths and lasses. In the table,trigger names indiate the number of events whih passed the respetive trigger:`+SVT indiates the number of events whih passed any of the lepton-plus-displaed-trak triggers; TTT indiates the number of events whih passed any of the threetwo-trak triggers: BCHARM, HIGHPT, or LOWPT. The LOWPT tag inludes theontribution of �+LOWPT paths. The number of events whih belong to the `+SVTlass is about 57 and 67 millions, for the muon and eletron triggers, respetively. TheTTT lass ontains about 560 million events.about 642 pb�1, while the HIGHPT and LOWPT paths olleted 504 pb�1 and 418 pb�1,respetively. These numbers inlude the e�et of trigger presaling. The three samplesobviously overlap, beause events may have been triggered by more than one triggerpath. The fration of the events, in the whole sample of two-trak triggers, thatpassed the BCHARM trigger path is 60%. The HIGHPT trigger path exlusively selets10% of the sample, and LOWPT the remaining 30%. In the sample seleted withlepton-plus-displaed-trak triggers, 60% of events are also seleted by at least oneof the two-trak triggers, BCHARM, HIGHPT, or LOWPT. The fration of events whihexlusively passed a lepton-plus-displaed-trak trigger is 10% of the union of thesamples seleted by a lepton-plus-displaed-trak trigger and those seleted by a two-trak trigger. Table 3.3 presents a summary of overlaps among trigger paths andlasses desribed in this paragraph.3.3 Data format and analysis softwareA framework, referred to as the BStntuple [58℄, has been implemented for eÆientlystoring and aessing the piees of information whih form the B0s andidates. Itshares the basi struture of the standard stntuple [59℄, whih itself onstitutes amore sophistiated ROOT ntuple [60℄ together with a set of onvenient tools.This framework ontains strutures to hold the reonstruted andidates infor-mation (stable and deaying objets) as well as tagging information, and partileidenti�ation information (TOF, dE=dx, muon and eletron quantities). The atualdata bloks orrespond to instanes of these lasses for spei� deay modes, whihare implemented by loning prototype modules whih are appropriate for the deaytopology.This has revealed to be an eÆient and uniforming framework, in terms of bothCPU usage time and proedure sharing, whih has failitated andidate reonstrution65



and the proess of produing ntuples for the various deays and data samples employedin the analysis.3.4 B0s data sampleThe data sample onsists of 1 fb�1 of data olleted with the CDF II detetor, betweenMarh 2002 and January 2006. Aording to the type of partiles whih take part inthe deay hain, the sample of B0s deays is naturally divided in two lasses, whihare usually referred to as \semileptoni" and \hadroni" modes,For both hadroni and semileptoni modes, B0s andidates are reonstruted fromthe �nal deay produts. For example, B0s ! D�s �+���+, D�s ! K�0K�, K�0 !K+�� andidates are reonstruted starting from a pair of oppositely harged trakswhih are assigned the mass of a kaon (the positively harged trak) and of a pion (thenegatively harged one), produing a K�0 andidate. A D�s vertex is �t using anotherharged trak, with kaon mass assigned, and the projeted trajetory of the K�0.Finally, the D�s andidate is assoiated with three pion traks whih are onsistentwith oming from the same vertex. The three pions are onstrained to ome from asingle vertex, and onsisteny with this hypothesis is enfored by applying a ut onthe �2 of the vertex �t. All �ts of verties are performed by the CTVMFT pakage [61℄.The mass of the D�s andidate is �xed to its world average [62℄ in the �nal �t for thehadroni B0s andidate. This is not the ase for the semileptoni B0s deays, where themass values of D�s andidates are not onstrained in the �t of the `D�s ombination,beause the unonstrained D�s mass serves as a disriminant in rejeting bakground.3.4.1 Semileptoni B0s deaysThe sample of semileptoni deays onsists of inlusively reonstruted B0s ! D�s `+Xandidates, where ` = e; �, whih are searhed for in the sample olleted with thetwo-displaed-trak trigger and the lepton-plus-displaed-trak trigger. The de�nitionof these triggers are reported in Setion 3.1. While not spei�ally reonstruted, theB0s ! D�s �+X mode is part of the semileptoni signal sample. The D�s meson isreonstruted in the �nal states �0��, K�0K� and ���+��, where �0 ! K+K�, andK�0 ! K+��. The sample is enrihed in B0s andidates by applying a ut-basedseletion.The main advantage of these deays is the large branhing ratio for semileptonideays of B0s mesons, whih the Review of Partile Physis [7℄ reports to be equal to7:9�2:4 %, and the presene of a lepton whih provides a lear signature. Conversely,the inompleteness of the reonstrution, whih is aused, at least, by the partiipa-tion of a neutrino, the energy and momentum of whih are undeteted, onstitutesa hallenge. In this ase, it is ustomary to analyze both the `D�s mass distributionand the D�s one, whih provides additional disriminating power between signal andbakground.Lepton identi�ation exploits the algorithms prepared for the study of leptonavor taggers [55, 56℄. Eletrons and muons are separated from hadrons by means of66



a lower ut on a likelihood whih is de�ned as follows:Li = PSiPSi + PBi ; i = e or � ; (3.4.1)where PSe;� and PBe;� are, respetively, the likelihoods of the lepton andidate being areal lepton or a false one. These funtions are simply the produt of the probabilitydensity funtions of the variables hosen to maximize the separating power betweenleptons and hadrons.The distributions of the disriminating variables obtained in samples of puremuons, olleted by reonstruting J= ! �+��, and eletrons, from  ! e+e�onversions in the detetor material, are �t to empirial funtions. These param-eterizations are treated as probability density funtions of a real lepton andidate,and their produt de�nes PSe;�. Eletrons from onversions are identi�ed by searhing,around an eletron andidate, as de�ned by the trigger ut in Table 3.2, for oppositelyharged traks whih have a small opening angle with the andidate, and requiringthe trajetories of the two traks to be parallel to one another at their distane oflosest approah.The bakground likelihoods PB� and PBe are produed analogously to the signallikelihoods. The distributions of the disriminating variables, the parameterizationsof whih provide the bakground probability density funtions, are onstruted usingsamples of pions from K0s ! �+�� and, in the ase of P�B , also kaons and protonsfrom D0 ! K��+ and �0 ! p��, respetively.The plots in Figure 3.1 show the eletron and muon likelihood distributions Leand L� in the signal and bakground samples desribed above. The values for theselikelihoods are bound between zero and one, with real eletrons and muons populat-ing the high likelihood region lose to unity, while bakgrounds preferentially oupythe low likelihood region lose to zero. The requirement that Le is smaller than 0.9is about 90% eÆient for onversion eletrons with pT > 2:0 GeV=, while rejetingaround 98% of the pions originating from K0s deays and ful�lling the eletron andi-date requirements. Di�erent values for uts on L� are utilized for andidate muonsfound in the various subdetetors of the CDF muon system. The ut values and eÆ-ienies, for real and false muons, for the di�erent detetor omponents are reportedin Table 3.4.Various soures ontribute to the bakground of a B0s andidate reonstrutedsolely by mathing a D�s andidate to a lepton andidate. Three soures are identi�ed:\false lepton", \physis" and \ombinatorial" bakgrounds. Contributions to thebakground may ontain a true, and orretly reonstruted, D�s meson. That is thease for B0 and B+ deays with a D�s in the �nal state, suh as B0=B+ ! DsD; D!`��X, and B0s andidates omposed by a true D�s and a false lepton trak. Anothersoure of this type of bakground is onstituted by B0s ! D+(�)s D�(�)s X; D(�)s ! `+Ydeays. These B0s modes onstitute a bakground, rather than a signal, beausethey are not self-tagging �nal states. These bakgrounds, whih are alled \physis"bakgrounds, are indistinguishable from signal andidates in the D�s mass plot, whilethe `D�s mass distribution provides some separation. Samples of simulated events are67



Muon System L� > E�. for real muons [%℄ E�. for false muons [%℄CMU 0.50 92.0 13.5CMP 0.50 88.2 27.1CMUP 0.05 98.8 55.0CMX 0.50 91.8 22.2IMU 0.70 78.8 9.6Table 3.4: EÆieny of muon likelihood requirements for real and false muons math-ing the muon andidate requirements, ompiled for di�erent muon detetor systems.The quantity L� represents the likelihood that the partile is a real muon, and isde�ned in Equation 3.4.1. The eÆienies are alulated utilizing a sample of muonsfrom J= ! �+�� (real muons), and pions, kaons, and protons from K0s ! �+��,D0 ! K��+ and �0 ! p��, respetively (false muons) [55℄.
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of a set of uts on the signal fration. The distribution of D�s andidates in the sampleof simulated events is �t with a Gaussian funtion. The mean �G and width �G of theGaussian are used to de�ne the signal region, [�G� 3�G; �G+3�G℄. The bakgroundfration in the signal region is estimated by �tting the lower and upper sidebands inthe D�s mass distribution in data. The sidebands are de�ned by exluding the signalregion, as de�ned above, from the [1:92; 2:02℄ GeV=2 mass range in whih the �t ofthe bakground omponent is performed. Seletion uts are individually optimized.The uts are divided in three lasses:� �t qualityThe quality of the vertex �ts whih omposed the andidate is ensured byapplying a lower ut on the �t probability of the B0s vertex �t, P(B0s), andthe two-dimensional �2r� of the D�s vertex �t, �2r�(D�s ). The vertex positionis obtained by onstraining the D�s and the lepton andidate to a ommonvertex, in the three-dimensional spae. The two-dimensional �2r� of a vertex �tis alulated by removing the z omponent from the error matrix of the vertex�t.� kinematisA ut on the transverse length signi�ane Lxy=�Lxy of the B0s and D�s andi-dates exploits the large lifetime of B0s mesons to disriminate between signal andthose bakgrounds whih are mostly prompt. The transverse lengths Lxy(B0s)and Lxy(D�s ), whih are de�ned in Equation 4.3.1, are both alulated withrespet to the p�p interation vertex.The uts on the proper deay-lengths t�(B0s), t(D�s ) and proper-deay-lengthresolution �t�(B0s) are meant to eliminate poorly reonstruted andidates.These quantities are de�ned in Equations 5.2.1 and 5.2.2. The � indiates thatonly the `D�s part of the andidate enters the alulation. The same reasoningjusti�es the minimum pT required of the traks that ompose the B0s andidate.The request for a minimum value of j os H j, the osine of the heliity an-gle of the D�s in vetor{salar deays, suh as �0�� or K�0K�, rejets moreat-distributed bakground than signal, whih peaks at large (absolute) val-ues of os H . It is de�ned as the angle, in the referene frame in whih theD�s andidate is at rest, between the transverse momenta of the B0s and ofthe ��, or K�, andidates, for D�s ! �0�� and D�s ! K�0K� deays, re-spetively. Figure 3.2 presents the graphial de�nition of os H(K�0), in theD�s ! K�0K�; K�0 ! K+�� deay hain.� partile identi�ationLeptons are identi�ed utilizing the likelihood funtions whih were developedfor the soft lepton taggers. The likelihoods for lepton identi�ation are brieyintrodued at the beginning of this setion.The work on the same-side tagger provides a ombined likelihood ratio whihallows for the separation of kaons from pions. This work is desribed in Se-tion 6.5. The purity of the deay modes with kaons in the �nal state is enhanedby requiring the traks whih are assigned the mass of a kaon to pass a higher69
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Deay Sequene YieldD�s ! �0�� 29,600 � 800D�s ! K�0K� 22,000 � 800D�s ! ���+�� 9,900 � 700Total 61,500 � 1,300Table 3.6: B0s signal yields for the semileptoni modes in the various deay sequenes.The quoted numbers orresponds to an integrated luminosity of � 1:0 fb�1.
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3.4.2 Fully hadroni B0s deaysFully hadroni modes inlude B0s ! D�s �+(���+), with the same three D�s �nalstates reonstruted as in the ase of semileptoni deays. In addition, B0s ! D�s �+and D��s �+, with D�s ! �0��, are inluded to the signal sample. Candidates in thesemodes are looked for in the set of events whih satisfy the two displaed trak trigger.The samples of hadroni B0s deays su�er for the smallness of the branhing ratiosof the reonstruted deays, whih are roughly an order of magnitude smaller than thesemileptoni ones with whih they share the same D�s �nal state. However, beauseB0s andidates are fully, or almost fully reonstruted1, these samples really dominatethe B0s � B0s osillations analysis.The seletion of fully hadroni B0s andidates is performed by an Adaptive Neu-ral Network (ANN). A onise presentation of the ANN framework utilized for theandidate seletion is desribed in Referene [63℄. On a side note, the appliation ofan ANN-based seletion of B0s ! D�s `+X andidates has been studied too, but be-ause the observed improvement over the utilized ut-based seletion was marginal, ithas been deided to maintain the already implemented proedure for the seletion ofsemileptoni B0s andidates. The ANN utilized in the hadroni B0s andidates assignsa single oating-point number to eah andidate. The seletion is based on a lowerut on the network output, whih optimizes S=pS + B, where S is the total amountof signal in the [5:31; 5:42℄ GeV=2 region, estimated from simulated events, and B isthe total amount of the bakground in the same region estimated by extrapolatingthe mass �t of the upper mass sideband in data. The neural network pakage, and itsuse for the seletion of a sample of B0 deays, is desribed in detail in Referene [63℄.The input to the ANN inludes some of the variables traditionally used in ut-based seletions. The kinemati of the B0s and D�s andidates and the quality of theirvertex �ts are represented by �2r�, the two-dimensional �2 of a �t for a andidate,transverse momentum pT , impat parameter d0, transverse deay length with respetto the primary vertex of the interation Lxy and transverse deay length signi�aneLxy=�Lxy . In the ase of D�s andidates, the mass m, the transverse deay length withrespet to the B0s deay vertex Lxy(D�s ! B0s), the deay angle os �� and the heliityangle os H are also available. The mass of a D�s andidate is onstrained to theworld average of D�s mass measurements in the �t of B0s andidates, as desribed inthe beginning of this setion, but the result of its unonstrained mass �t is utilizedas input to the ANN whih performs the andidate seletion. When subresonanes(�0 or K�0) are part of the deay hain, their �tted masses, transverse momenta anddeay angles are utilized. The deay angle �� of a partile is de�ned as the angle, inthe referene frame in whih the deaying partile is at rest, between the momentumof a deay produt (the pion in B0s ! D�s �+, the D�s andidate in B0s ! D�s �+���+)and the momentum of the deaying partile, in the laboratory referene frame. In aB0s ! D�s ! �0�� (K�0K�) deay, the heliity angle  H is the angle, in the refereneframe in whih the D�s andidate is at rest, between the B0s andidate and one of theD�s deay produts. Analogously,  H(�0;K�0) is the angle, in the referene frame in1In the ase of partially reonstruted hadroni deays, 96% of the momentum of a andidate isreonstruted on average. 72



whih the �0 (K�0) andidate is at rest, between the diretion of the D�s andidateand one of the �0 (K�0) deay produts. The de�nitions of heliity and deay anglesin the D�s ! K�0K�; K�0 ! K+�� deay hain are shown in Figure 3.2.The three reonstruted B0s ! D�s �+���+ modes o�er additional useful quanti-ties: the mass of the ���+�� system, the �2r� of the �t of the vertex de�ned by thethree traks and the minimum and maximum masses of opposite-harged trak pairs.The last two variables are also available when the D�s andidate deays to ���+��.The transverse-momentum imbalane between K+ and K� is used when the deayhain inludes a �0 as intermediate state. Transverse momenta are, as usual, mea-sured in the laboratory frame. Other variables haraterize the set of traks whihreonstrut the B0s andidate: transverse momentum pT of the traks, minimum andmaximum transverse momentum, sum of the trak impat parameter signi�anesd0=�d0 , maximum separation along the nominal beam diretion max j�z0j.The CLL quantity de�ned in Equation 6.5.3 provides partile-identi�ation in-formation to the network in the last four input variables: CLL of seleted traks,minimum and maximum CLL and the sum of CLL on all traks, P(CLL). Ta-ble 3.7 summarizes whih variables have been used in the seletion of eah B0s deaymode.The mass distributions of B0s andidates reonstruted in the fully hadroni deayhains are shown in Figure 3.4. The mass distribution of B0s ! D�s �+; D�s ! �0��and partially reonstruted B0s andidates is presented separately from the ontribu-tion of the other �ve deay modes: B0s ! D�s �+; D�s ! K�0K� and D�s ! ���+��,and B0s ! D�s �+���+; D�s ! �0��, D�s ! K�0K� and D�s ! ���+��. In thesedistributions, the shape and normalization, with respet to the number of B0s signalandidates, of the bakground ontributions from B0 and �0b deays are obtained fromB0 and �0b simulated events, as desribed in Setion 4.2. The proedure adopted toalulate the normalization of these ontributions is presented in Setion 7.2.1.The yields of B0s andidates reonstruted in fully-hadroni deay hains are re-ported in Table 3.8. The ratios of signal-over-bakground in the [5:32; 5:42℄ GeV=2mass range is also indiated. This sample is by far the largest sample of fully hadroniB0s in the world, whih proves the impat of SVT in CDF B physis program.The seletion and reonstrution of B0s andidates in data are presented in this hap-ter. The next one will fous on the tools whih provide simulated interations, and onthe e�orts made to perfet the agreement between simulated events and real data.
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B0s ! D�s �+ modes B0s ! D�s �+���+ modesVariable �0�� K�0K� ���+�� �0�� K�0K� ���+���2r�(B0s) p p p p p pd0(B0s) p p p p p pLxy(B0s) p p p p p pLxy=�Lxy(B0s) p p p p p ppT (B0s) p p p p p pLxy(D�s ! B0s) p p p p p p�2r�(D�s ) p p p p p pd0(D�s ) p p p p p pLxy(D�s ) p p p p p pLxy=�Lxy(D�s ) p p p p p pm(D�s ) p p p p p ppT (D�s ) p p p p p ppT all all all all 1; 2; 3; 6y allos ��(B0s) p p p p p pm(�0 orK�0) p p { p p {pT (�0 orK�0) p p { p p {min(d0=�d0) p p p p p pmax(d0=�d0) p p p p p pmin(pT ) p p p p p pmax(pT ) p p p p p pm(3�) { { { p p p�2r�(3�) { { { p p pmhigh3�!���+��(���+) { { { p p pmlow3�!���+��(���+) { { { p p pmhighD�s !���+��(���+) { { p { { pmlowD�s !���+��(���+) { { p { { pos H(D�s ) p p { p p {os H(�0 orK�0) p p { p p {d0=�d0 all all all all all allmax j�z0j p p p p p pmax(CLL) p p p p p {min(CLL) p p p p p pP(CLL) p p p p p {CLL { { { { { 1; 4yyjpT (K+)� pT (K�)j p { { p { {Table 3.7: ANN input variables for the seletion of B0s ! D�s �+(���+) andidates.y 1,2,3, and 6 indiate the three pions from the diret deay of the B0s andidate, and thekaon with the lower momentum between the two kaons produed by the deay of the D�sandidate.yy 1 and 4 indiate the pions with the highest transverse momentum among the two sets ofthree pions produed in the deay of the B0s and of the D�s andidates.74
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Deay Sequene Yield S=BB0s ! D�s �+;D�s ! �0�� 1,900 11.3B0s ! D�s �+;D�s ! K�0K� 1,400 2.0B0s ! D�s �+;D�s ! ���+�� 700 2.1B0s ! D�s �+���+;D�s ! �0�� 700 2.7B0s ! D�s �+���+;D�s ! K�0K� 600 1.1B0s ! D�s �+���+;D�s ! ���+�� 200 2.6Partially Reonstruted B0s Deays 3,300 3.4Total 8,800 |Table 3.8: Signal yields for the hadroni modes and signal to bakground ratio inthe various deay sequenes. The partially reonstruted B0s deays are B0s ! D�s �+and D��s �+, with D�s ! �0��. The �0 from the �+ ! �+�0 deay, and the photonfrom the D��s ! D�s  deay are not reonstruted. The S=B ratio is evaluated in the[5:32; 5:42℄ GeV=2 range of mass of fully reonstruted B0s andidates. In the ase ofpartially reonstruted B0s deays, the seleted mass range is [5:0; 5:2℄ GeV=2. Thequoted numbers orresponds to an integrated luminosity of � 1:0 fb�1.75



76



Chapter 4Monte Carlo simulationThis hapter desribes the proedure adopted to produe simulated data and de�nesthe di�erent sets of simulated data utilized in this analysis. Then, the additional stepsperformed to orret for di�erenes between the simulation and the olleted data arepresented, and �nally the omparison of data-simulation agreement is shown. Samplesof simulated data whih aurately reprodue the atual data olleted by the detetorare extremely important in many steps of the analysis presented. Most importantly,the alibration of the algorithm of same-side-kaon tagging that onstitutes the entralpoint of this dissertation, whih is presented in Chapter 6, is shown, in the samehapter, not to be solely obtainable from detetor data.4.1 Overview of simulation proedureThe proedure adopted to simulate data tries to reprodue as losely as possiblethe various steps that lead from the p�p interation to the registration of data. The�rst step is the simulation of the prodution of primary partiles, suh as b-hadrons,whih follow the p�p hard ollision. Then, the propagation of the produed partiles,their deays, and interations with the matter of the CDF detetor are simulated.Seondary partiles, i.e., not produed by the deay of the partiles originated fromthe primary interation, an be produed during these interations with the detetor.Finally, the detetor simulation attempts to reprodue the response of the variousparts of the CDF detetor to the passage of the simulated partiles These steps aredivided in two broad ategories, whih are presented in the next setions.4.1.1 Event generationThe analysis of B0s osillations presented in this doument utilizes samples of simulatedB-hadron samples for di�erent purposes, listed in Setion 4.2.The �rst step in the Monte Carlo (MC) simulation is the prodution of primarypartiles, whih are the ones that the simulation indiates as produed at the p�p inter-ation point. The physial proess of the p�p hard interation and b-hadron produtionis simulated by a so-alled generator, the output of whih is a set of partiles with77



a de�ned identity (i.e., a b quark, a B+ meson, a pion, a kaon, . . . ) and kinematiharateristis (the momentum vetor is suÆient to fully desribe the partile). Thetwo generators of hoie are BGenerator [64℄ and Pythia [65℄. The former diretlyprodues single b hadrons. The latter also inludes the partiles produed in assoi-ation with the b hadrons in the simulated events, by reproduing the fragmentationproess, starting from quark strings.BGenerator produes events with one b hadron, aording to the distributionsof kinemati variables as measured in data. The symmetries in the geometry ofthe p�p interation and, onsequentially, of b hadron prodution make the � and pTdistributions of the primary partile suÆient to ompletely desribe the proess.These distributions onstitute the input to BGenerator for fast event generation.The input distributions utilized to generate MC samples of B mesons and �0b baryonsare taken from Referenes [24℄ and [66℄. Samples of the di�erent speies of B meson,B0, B+, and B0s, are all generated with the same �{pT distribution. The single-hadronMC samples produed with BGenerator are employed whenever the details of a p�pinteration are not needed and it is only neessary to understand how the desriptionof an ideal andidate is modi�ed by detetor e�ets and the trigger seletion. Theadvantage of BGenerator over Pythia is the speed of event generation, whih isabout an order of magnitude faster.Pythia aims at simulating the full range of partiles produed in a p�p inter-ation as faithfully as possible, and trying to reprodue experimental observations,suh as the multipliity distribution and type of harged partiles within the leading(i.e., highest transverse momentum) harged jet in an event, within the limits of theurrent understanding of the underlying physis. The physial model adopted to de-sribe the fragmentation proess is the string fragmentation one [67, 68℄, as opposedto independent fragmentation [69, 70℄ and luster fragmentation [71℄ models. TheMC model for QCD hard sattering provided by Pythia in its default on�gurationdesribes fairly well the properties of the leading harged jet in an event. Theseproperties inlude the multipliity distribution and the pT distribution of hargedpartiles within leading harged jets, the size of leading harged jets, and the radialdistribution of harged partiles and transverse momentum around the diretion ofthe leading harged jet. However, all the properties of the underlying event, whihonsists of the beam remnants after a p�p interation and possible additional ontri-butions from multiple parton satterings, are not orretly desribed. For example,the pT dependene of the beam-beam remnant ontribution to the underlying eventis not orretly reprodued. The default on�guration of Pythia is thus modi�edfollowing the tuning desribed in Referenes [72℄ and [73℄, in order to address thedata-simulation disagreement in the desription of the underlying event properties.The tuned on�guration is de�ned in Appendix A. The additional modi�ations mostrelevant for the presented analysis are reported in Setion 4.3.The framework for the implementation of the deay proess of the produed Bmesons is provided by the EvtGen [74℄ pakage. In the simulation of a deay hain,suh as B! D�[D�℄`�, the module uses deay amplitudes at eah node of the hain,instead of probabilities, whih allow for the orret simulation of all deay distribu-78



tions. The physial properties of partiles, suh as the mass m and, for unstablepartiles, the lifetime � and the branhing ratios in possible deaying modes, are in-put to EvtGen. In order to fous on partiular deay hannels of interest, the usertypially overrides the branhing ratio settings of partiles to fore their deay.4.1.2 Detetor simulationThe GEometry ANd Traking (GEANT [75℄) framework allows for the simulation ofthe interation of partiles with the materials omposing the detetor. The responseof the detetor to the inident partiles is desribed in terms of sets of hits and energydepositions in the various subdetetors. The pakage repliates the response of theCDF detetor, and produes an output in the same format as obtained from thedetetor readout.The simulation is very omputing-power intensive. As a rule of thumb, the BGen-erator prodution of 60 million events with a single B0s being the primary partile,generated with pT > 0 and j�j < 10 and the GEANT simulation of their interationwith the CDF detetor require about 4 to 5 thousand hours on an individual CPU.This step yields, in the ase of B0s ! D�s �+; D�s ! �0��, only 950 thousand eventsafter the trigger seletion. This sample is subsequently redued to 60 thousand afterB0s andidates are reonstruted and analysis uts applied.All the MC samples used in many steps of the analysis presented in this doumentutilize the full-edged detetor GEANT simulation. The lists of the types of MCsamples produed and of the aspets of the mixing analysis in whih they have beenneessary are presented in Setion 4.2.4.2 Monte Carlo samplesThe MC samples utilized in the mixing analysis are organized in three separate at-egories. These lasses and the rôle of the MC simulation in the mixing analysis arereviewed in this setion. The MC ategories are distinguished by the de�nition of theinitial state:� Single-hadronBGenerator is used to produe a single B meson or �0b baryon. The deayis simulated by EvtGen and the hain of deay produts is ompletely de�nedby adequately setting the branhing ratios for the deays of the partiles in thehain.� Semi-generiFor the samples in this lass, BGenerator produes a single hadron, the deayhain of whih is not tightly de�ned as in the previous ase. Eah event stillfeatures a single hadron as parent partile, but all types of B mesons and �0bbaryons are produed, aording to the prodution frations [62℄: fu : fd : fs :fbaryon = 0:397 : 0:397 : 0:107 : 0:099. A �lter based on partile ontent is79



applied, with the unique requirement that a D meson, the deay of whih isfored to a spei� mode, is produed in the deay of the primary b hadron.� b�bPythia is the generator of hoie for the samples whih fall in the last ategory.The prodution onsists of two steps. Firstly, sets of q�q events are generatedsimulating three di�erent prodution proesses: avor reation, avor exitationand gluon splitting [76℄. The simulated proesses are qq0 ! qq0, q�q ! q0�q0,q�q ! gg, qg ! qg, gg ! q0�q0, and gg ! gg, where q and q0 are fermions,and g gluons. Then, events whih ontain b�b pairs with at least one b quarkwith pT (b) > 4 GeV=2 and j�j < 3 are seleted. The output after this �rststep is a set of events ontaining b hadrons and the other partiles produedduring the fragmentation. The seond and �nal step onsists in the simulationof the time-evolution of the partiles up to their deay, whih is performed bythe EvtGen pakage. Di�erent on�gurations of the deay pakage are utilized,tailored to the diverse studies performed, starting from the same initial sampleof partiles obtained after the �rst step of the simulation.The �rst lass of MC samples allows the study of how the distributions of inter-esting quantities are modi�ed by detetor and seletion e�ets for very spei� deayhains. The B0s �nal states inluded in the analysis have been simulated to studythe mass and proper-deay-time distributions of bakground-free signal andidates.The ase of proper deay-length t is partiularly important beause the trigger andanalysis seletions peuliarly sulpt the t distribution. The availability of an a-urate detetor simulation allows for the preise modeling of suh sulpting e�ets,thus restoring the diret relation between the observed distribution of reonstrutedt and the expeted t distribution of a deaying partile with lifetime � . A detaileddesription of the proedure adopted to orret for these sulpting e�ets is reportedin Setion 7.1.Spei� deays of B0 and �0b , namely B0 ! D��+(���+); D� ! K+���� and�0b ! �� �+; �� ! �pK+��, mimi the signature of the B0s deays of interest. Thesemodes ontribute to bakgrounds in the distributions of mass and proper deay-lengthof reonstruted B0s andidates. Their ontributions are modeled by template fun-tions, the shape and normalization of whih are de�ned by analyzing BGenerator-MC samples of B0 and �0b , whih are fored to deay via the modes listed above.The more generi samples in the seond ategory play a major rôle in the har-aterization of the physis bakgrounds arising from partially reonstruted deaysof B mesons. The samples are onstruted with the requirement that a D meson,whih deays as a signal, is present in the �nal state. This requirement stems fromthe on�dene that the largest fration of the bakgrounds whih populate the lowmass sideband in the reonstruted B-mass distributions is onstituted by partiallyreonstruted B andidates, and that a real D meson is orretly �tted as part of theB andidate. The presription adopted to produe MC samples in this ategory isgeneri enough to enable one to haraterize and subsequently quantify the souresof bakground to a B deay mode. For example, a MC sample produed with the80



presription that eah event ontains a D�s ! �0�� meson allows one to study thephysis bakgrounds of the B0s ! D�s �+ and B0s ! D�s �+���+, with D�s ! �0��,deay modes. The �rst implementation of this method for the study of bakgroundsin low mass sidebands is presented in Referenes [77℄ and [78℄.The Pythia-generated MC set ontains the most omplete simulation of a b�bevent and is thus the only resoure for studies whih require a desription of the trakenvironment in whih B0s andidate are searhed for. This is partiularly importantfor the study of the same-side tagger. In fat, this algorithm, whih is utilized todetermine the avor, B0s vs. B0s, at prodution of a andidate, relies on the simulationof the other interation produts.4.3 Monte Carlo tuningThe MC simulation produes results in good agreement with the available data, aswill be shown in Setion 4.4. The deay mehanism of the hadrons whih take part tothe reonstruted B0s deay hains is well understood and the software does a fairlyaurate job in reproduing the response of the detetor to the passage of partiles.However, some additional e�orts were needed to tune some aspets of the MCsimulation that have diret e�ets on the analysis. Partiularly ritial is the part ofthe simulation whih inuenes the alibration of the algorithm for same-side avortagging presented in Chapter 6, whih is derived via MC events.The various aspets whih required tuning are separately disussed below. In Se-tion 4.4, the suess of the tuning is demonstrated by omparing data and simulation.4.3.1 Trigger presalingThe detetor simulation framework does not reprodue the presaling mehanismsutilized by the CDF trigger systems . Two alternative approahes have been adoptedto aount for the e�ets of presaling in the simulation. The BGenerator-MCsimulation implements presaling by seleting events with a probability equal to theinverse of the presaling fator. Suh a presaling fator is applied on a run-by-runbasis to the sample and represents the e�etive presale whih aounts for di�erenttrigger paths with di�erent presaling methods. In the ase of the Pythia-MC one,the need to maximize the statistial power by not throwing events away presribesa di�erent method. A statistial weight is assoiated to eah event whih dependson the trigger path (BCHARM, HIGHPT, or LOWPT, as de�ned in Setion 3.1) to whihit belongs and the period of data taking during whih it was seleted (0d, 0h, or 0i,Setion 3.2). The weights utilized for the B0s ! D�s �+;D�s ! �0�� deay mode arereported in Table 4.1.4.3.2 Vertex position and resolutionThe reprodution of the orret distribution of the positions of verties and the res-olutions of the position measurements enters the analysis at di�erent levels. The81



0d 0h 0iHIGHPT 1.431 1.268 1.416BCHARM 1.037 1.050 1.158LOWPT 0.477 0.625 0.578Table 4.1: Statistial weights utilized to reprodue e�etive trigger presales. Thevalues in the table are applied to B0s ! D�s �+;D�s ! �0�� MC events.variables whih are mostly inuened by these quantities are impat parameters ofreonstruted partiles (in this analysis, B and D mesons) d0, transverse deay lengthsLxy and transverse deay length resolutions �Lxy . The transverse deay length Lxy ofa B andidate is de�ned as follows:Lxy(B) = pT � (rxy(SV )� rxy(PV ))pT ; (4.3.1)and indiates the projetion on the transverse momentum of the partile of the dis-tane between the primary vertex (PV, the vertex at whih the p�p interation o-urred) and the seondary vertex (SV, the vertex where the reonstruted partiledeayed). In the ase of a D meson produed in the deay of a B, the quantityLxy(D! B), whih is de�ned as the distane, in the transverse plane, between the Ddeay vertex and the B deay vertex projeted along the diretion of the D transversemomentum, more properly de�nes a \deay" length. However, the notation Lxy(D),throughout this doument, de�nes the projetion of the distane between the PV andthe D deay vertex. The B impat parameter is utilized in the andidate seletion,while �Lxy ontributes to the proper-deay-time error of B andidates, whih is animportant part of this analysis of B0s osillations (Setions 5.2 and 7.1).The algorithm for PV reonstrution hosen for the mixing analysis utilizes someof the traks whih are believed to ome from the same interation point where theB0s andidate was produed, and �ts them to a ommon vertex using the beamlineshape [79℄ as a �t onstraint. This onstraint oneptually represents an a prioriprobability for the position of primary verties. The shape of the beamline aroundthe interation point at CDF is desribed as an hourglass, �x ' �y ' 2 mm forjzj ' 30 m, and �x ' �y ' 35 �m for z ' 0 m. The �tted vertex is referredto as the event-by-event PV [80℄. This approah is not diretly reproduible in theBGenerator-MC sets, beause bare B0s partiles are generated. Therefore, no othertraks beside the ones whih are produed by the B0s deay are present in the event,and the algorithm utilized in data annot be applied. Additional proedures have tobe implemented to reprodue the distributions observed in data.By default, BGenerator primary verties are distributed aording to the beam-line shape. In the ase of data, the distribution of primary verties is ditated by theresults of the event-by-event PV �nding algorithm.Residuals between the oordinates of the MC generated vertex and the reon-struted one of a B0s andidate are distributed aording to the the beam line ovari-ane matrix CPV evaluated at the z position of the B0s andidate. This onstitutes82



another disrepany with respet to data. While in MC events the unertainty withwhih eah PV is determined depends only on its z oordinate, in data it dependsalso on the properties of the underlying event (i.e., the additional traks produed atthe interation point).It is thus neessary to tune MC andidates in order to orret for the di�erenesintrodued by using a di�erent algorithm for PV �nding in data and in MC simu-lation, i.e., event-by-event verties vs. beamline verties. The tuning of MC eventsis obtained by applying sale fators to CPV and CSV (i.e., the error matrix returnedby the �t of a B seondary vertex). The values of the sale fators are obtained bysanning the spae of their possible values while omparing distributions of quantitiesin data and in MC samples. The distributions of the quantities whih are more di-retly a�eted by the saling, suh as impat parameters and transverse deay lengthresolutions, are utilized to tune the sale fators. The �nal values for the sale fatorsare hosen by minimizing the disagreement (indiated by a �2 test) between data andMC simulation. The result of the saling is the modi�ation of both the distributionsof PV positions and of the ovariane matries of primary and seondary verties.The �rst type of sale fator, S1, is meant to orret the PV distribution. Thereonstruted position of the PV in the transverse plane is replaed with the transverseoordinates: xnewre = xtrue + S1Æ ; (4.3.2)where Æ is a 2D vetor drawn from a 2D Gaussian distribution of variane CxyPV ,entered at (0; 0). Two di�erent sale fators are de�ned, S1(B) and S1(D), to be usedin the realulation of quantities haraterizing B and D andidates, respetively. Thevalue of S1(B) is obtained by minimizing the �2 between the distributions of d0(B) indata and MC samples. The PV reonstrution method utilized to alulate quantitiesrelative to D andidates does not use the other traks present in the event, and isthus equally appliable to data and BGenerator-MC simulation. Therefore, thesaling fator S1(D) is equal to unity.The seond and third type of sale fators, S2 and S3, address the data{MC-simulation disrepany in �Lxy , the resolution on the projetion of the partile deaylength on the transverse plane. This quantity is a�eted by the disagreement in theovariane matrix of both the primary (PV) and the seondary (SV, of the B or Ddeay) verties. The error on Lxy is alulated as follows:�Lxy = � pTT �pTT �M� pT�pT � ; M� � S3CSV 00 S2CPV � : (4.3.3)The quantities appearing in the above formula are de�ned as follows:pT = � pxpy � ; C = � Cxx CxyCyx Cyy � : (4.3.4)The tuning of S2(B), S2(D), and S3 is performed in parallel by minimizing the dis-agreement between data and MC distributions of �Lxy(B) and �Lxy(D).The B0 ! D��+; D� ! K+���� sample was used to derive the tuning parame-83



Sale fator Desription ValueS1(B) re-smearing of the PV for B quantities 0:780S1(D) re-smearing of the PV for D quantities 1S2(B) unertainty sale fator for B quantities 0:560S2(D) unertainty sale fator for D quantities 0:900S3 seondary vertex unertainty sale fator 1:145Table 4.2: Saling fators for tuning of BGenerator-MC events, to address theevent-by-event{PV algorithm used in data. The tuning has been performed usingsamples of B0 ! D��+; D� ! K+����.ters. The tuning was then veri�ed on other deay modes suh as B0 ! D��+���+; D� !K+���� and B0s ! D�s �+(���+); D�s ! �0��. Table 4.2 summarizes the numerialvalues of the tuning parameters.4.3.3 Silion hit resolutionThe MC eÆieny to �nd hits in L00 and math them to traks is signi�antly largerthan in data. In addition, the hit resolution in SVX layers is better in MC simulationthan in data, while ISL hits present the same resolution. However, the hit resolutionsin L00 and in the �rst layer of SVX, L0, dominate the error on the measurementof impat parameters and transverse deay lengths, beause the information of theother layers is smeared by multiple sattering and transport unertainties.The proedure adopted to orret these disrepanies was developed utilizing dataand MC samples of B0 ! J= K�0; J= ! �+��; K�0 ! K+��. The traks in theseevents whih are not part of the reonstruted B0 andidate and satisfy some minimalquality requirements (pT > 450 MeV=, d0=�d0 < 10, and at least 10 hits in the axiallayers of the COT and 10 in the stereo layers) partiipate in the study [81℄.The disagreement between the number of L00 hits assigned to traks in data andin MC events is orreted for by randomly disarding 33% of the hits found in theinnermost silion layer. In fat, the fration of traks, in the sample desribed above,with a hit in L00 is 52% in MC events and only 35% in data. Beause all traks,both in data and in the MC sample, are re�t after the addition of L00 hits at theanalysis level, the operation of hit removal does not introdue any di�erene betweenthe treatment of data and of MC events.The single hit resolutions are modi�ed by smearing hit positions aording toGaussian distributions. The widths of these distributions depend on the number ofstrips whih onstitute the hit signal, Nstrip, and whether the hit is in L00 or in the�rst layer of SVXII, L0:�(Nstrip) = �L00 or L0q�2data(Nstrip)� �2MC(Nstrip) ;�L00 = 1:2 ;�L0 = 1:5 ; (4.3.5)84
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Figure 4.1: Data-simulation omparison before/after tuning. From top to bottom,the distributions of d0(B0), �Lxy(B0) and �Lxy(D�), in B0 ! D��+;D� ! K+����,before (left) and after (right) the tuning desribed in Setion 4.3.2.
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[10�4 m℄ Data MC simulationNstrip 1 2 3 > 3 1 2 3 > 3L00 17.3 15.0 18.5 30.3 13.5 9.4 11.6 29.8L0 13.6 9.5 13.4 19.0 10.1 10.1 14.7 23.1Table 4.3: Resolution of r' hits in data and MC simulation.where �data;MC , reported in Table 4.3, are provided by the CDF traking group [82℄and the use of MC truth information (the intersetion in the silion layer found byGEANT is ompared to the reonstruted hit position). The �L00 and �L0 fators areadded to ompensate for a residual disagreement between the distributions of Lxy(B+)and �Lxy(B+) in the data and Pythia-MC samples of B0 ! J= K�0, where Lxy is thequantity de�ned in Equation 4.3.1. The presene of a residual inonsisteny was notsurprising as only single-Gaussian �ts were performed to obtain the hit resolutions inthe MC sample.The tuning of the hit eÆieny and the �L00 and �L0 fators has been ross-hekedin an alternative B-meson deay mode, B0 ! D��+���+; D� ! K+����. Thedata and BGenerator-MC samples of B0 ! D��+���+ are ompared before andafter the appliation of the tuning, whih provides an improvement in the agreementbetween the two samples [83℄. The orretion derived in the tuning is applied to allMC samples.4.3.4 Partile identi�ationPartile identi�ation is based on spei� ionization dE=dx in the COT and informa-tion from the TOF system. Both subdetetors have been alibrated and the proba-bility density funtions of their response to di�erent partiles preisely modeled withdata [40℄.One neessary ingredient to simulate the partile identi�ation in MC events isto know the truth information of the partiles assoiated to the reonstruted traks.It is possible to math > 99:9% of the traks that satisfy the requirements for beinga tagging trak andidate to Monte Carlo truth information, using standard CDFmathing tools [84℄. However, only 98:5% of these traks are atually assoiatedto generator level partiles1, while the remaining 1:5% of traks are assoiated topartiles whih have been produed inside the silion detetor. Beause those partilesentirely transverse the COT, their COT dE=dx response is orretly simulated. Thesituation is di�erent for the TOF simulation. Although the speies of those partilesare known, their prodution time is not, and thus their TOF response annot besimulated properly. The default simulation alulates their response assuming thesepartiles have the same prodution time as the main interation, regardless of thefat that they are seondaries. (Setion 6.8.5).1generator level partiles are those generated at the simulated p�p interation point, or part of thedeay hain of partiles produed at the interation point.86
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Figure 4.2: Number of COT hits (left) and COT hits utilized for the alulation ofdE=dx information (enter) per trak in data and simulation. The right plot showsthe data-simulation omparison of the number of COT hits used to alulate a trak'sdE=dx after orretion. A fration equal to 80% of the COT hits assoiated to a trakis utilized to alulate dE=dx of the trak. The trunation of the number of COThits produes the spikes in the distributions of data and MC events in the entral andrightmost plots.Energy loss in the COTThe simulation of the COT response is done in two steps. The number of COT hitsis resaled to math the distribution in data, orreting for the algorithm utilized inMC reonstrution whih is more eÆient in assigning hits. The eÆieny with whihCOT dE=dx information is made available to a trak is orreted by a funtion of thetransverse momentum pT : f(pT ) = a� e�bpT : (4.3.6)The funtional form has been hosen by inspeting the distribution, as a funtion ofthe trak transverse momentum, of the ratios of the number of COT hits with dE=dxinformation in data and in MC samples. The parameters a and b are obtained by�tting the same distribution with the funtion in Equation 4.3.6. The distributionsof COT hits with dE=dx information in data and in MC events, before and after theorretion desribed above, are shown in Figure 4.2.Seondly, the MC trak needs to be assigned a value of (dE=dx)raw, whih in-diates the value of dE=dx before alibration. The formulae whih implement thealibration of the measured dE=dx of a trak (the label \raw" indiates unalibratedmeasurements) are reported here:(dE=dx)or = � + �(dE=dx)raw 0d data;(dE=dx)or = e(dE=dx)raw 0h and 0i data; (4.3.7)where the �, �, and  oeÆients are provided by alibrations and depend on mass,momentum, '0, �, harge, number of COT hits with dE=dx information, and runnumber of the traks utilized in the alibration.The (dE=dx)raw value of the trak is omputed in the following steps:87



� the reonstruted trak is mathed to a generated partile, thus permitting theassignment of the true partile type (i.e., a pion, a kaon, or a proton) to thetrak.� the partile-type information is used to selet the orresponding Z distribution,de�ned as: Z � log �(dE=dx)or(dE=dx)pre� ; (4.3.8)where (dE=dx)or and (dE=dx)pre are the alibrated and expeted dE=dx of atrak, with a spei� partile-type hypothesis. The partile-type informationis utilized to alulate the orret (dE=dx)pre, whih depends on the partile'sveloity. The variable Z is parameterized by a single Gaussian distribution,when (dE=dx)pre is alulated with the orret partile-type hypothesis. The(dE=dx)pre quantity is alulated using a variant of the Bethe-Bloh [85℄ urve,with the partile speed as input (� and ):(dE=dx)pre = 1�2 �1 log� �b + �� + 0�+ a1(�� 1)+ a2(�� 1)2+C ; (4.3.9)with ai, b, i, and C parameters extrated from data, utilizing samples of kaons,protons, and pions obtained by reonstruting the D�(2010)+ ! D0[K��+℄�+and �0 ! p�� deay modes.� a random number ÆZ for the Z variable is generated, following a Gaussian dis-tribution with width �Z obtained from the same D�(2010)+ and �0 alibrationfrom above of the partile under study. This random number is de�ned asfollows: Æz = random [G(Z; �Z)℄ : (4.3.10)Thus, the orresponding (dE=dx)or assigned to the trak is(dE=dx)or = eÆZ (dE=dx)pre ; (4.3.11)where the partile identity, whih the MC truth information revealed, is nees-sary to alulate (dE=dx)pre.� utilizing the inverse of the funtions in Equation 4.3.7, a new value of (dE=dx)rawis omputed and assigned to the trak, with the (dE=dx)or obtained in theprevious step used as input.The last step, whih may appear as a useless alulation, is required to be able topass the MC sample through the same analysis ode utilized for data events, whihperforms the dE=dx alibration in Equation 4.3.7.Time-of-ightThe MC simulation of the TOF detetor was still preliminary at the time of thisanalysis. Therefore, it was deided to develop a method for the generation of TOF88



information for MC traks whih provides a representative simulation of the TOFbehavior and performane.The available TOF simulation provides a good model for e�ets related to ou-pany. It was deided to pro�t from that part of the simulation by realulating thetight simulated by the MC exeutables for the traks whih are mathed to a TOFpulse. Studies of the use of the TOF system for partile identi�ation, suh as inReferene [86℄, provide a parameterization of the tight residual de�ned as follows:�tight � tmeasight � tpreight ; (4.3.12)where the predited tight is a funtion of the partile mass m, its momentum p, andthe path-length L traveled before reahing the TOF detetor:tpreight = Lppp2 +m22 : (4.3.13)The distributions of tight residuals for di�erent types of partiles are produed utiliz-ing the D�(2010)+ and �0 samples already utilized for the study of partile-identi�ationwith dE=dx information. The funtional form adopted to �t the �tight distributionis a sum of six Gaussian funtions. The resolutions of the Gaussian used for the 0hand 0i data are multiplied by a fator 1.15 with respet to the 0d data sample toaount for the 15% worsening of the tight resolution observed in the more reentdata samples [87℄.The tight that is assigned to MC traks is omputed as the sum of a randomnumber generated with a p.d.f. whih reprodues the �tight distribution from dataplus the expeted tight for the spei� partile. The expeted tight inludes the puretheoretial value obtained from kinemati properties of the trak and a orretion,derived from data, whih is dependent upon the partile speies. This last orretionis derived from the samples of kaons, pions, and protons whih are used in many as-pets of the studies of partile identi�ation. Its introdution allows one to redue thedependene on the partile type of the distributions of �tight. Independene of thepartile type is important beause the ombination of COT and TOF partile identi-�ation, introdued in Setion 6.5, assumes that �tight is distributed independentlyof the partile speies.Finally, the eÆieny with whih TOF information is mathed to traks is largerin simulated than in real data. The ratio of the eÆienies in data and simulation,R�, has a pT -dependene whih is modeled by a seond order polynomial:R�(pT ) = a+ bpT + p2T : (4.3.14)Three sets of values for the a, b, and  parameters have been �t, one for eah of thethree periods of data-taking 0d, 0h, and 0i. The �tted sets of values are summarizedin Table 4.4. Figure 4.3 shows the tight eÆienies in MC simulation and in data,and the distribution of R�, for all tagging trak andidates in a sample of B ! D�modes, in the 0d, 0h, and 0i data and MC samples. The distributions of R� are �twith the funtion of Equation 4.3.14. The plots show the result of the �t and the89



Parameter 0d 0h 0ia 0:901� 0:049 0:743� 0:043 0:789� 0:056b [(GeV=)�1℄ 0:010� 0:007 0:026� 0:007 0:026y [(GeV=)�2℄ 0:025� 0:022 0:008� 0:019 0:008yTable 4.4: Values of parameters for tight eÆieny orretion.y The b and  parameters were �xed to the value obtained in the �t of 0h data.urves utilized for the evaluation of systemati errors, whih orrespond to a �8%(�10%) variation of the eÆieny ratio for the 0d (0h and 0i) period of data-taking.After the orretion of the pT dependene, no residual � dependene is seen. Ithas also been heked that R� is not dependent on the harge of the traks, by sepa-rately omparing the distributions of the eÆieny ratios for positively and negativelyharged tagging trak andidates. Moreover, beause the performane of the TOFsystem is orrelated to the oupany, data-simulation eÆienies are ompared for\early" and \late" runs in the 0d period (run number < 169000, or > 169000, orre-sponding to September 2003), and for \low" and \high" luminosity (lower or higherthan 25 � 1030 m�2s�1). The observed di�erenes in the eÆieny ratios are wellovered by the band of variation hosen for systematis studies.4.3.5 Additional tunings for Same-side taggingThis setion ontains the additional tunings that are needed to reprodue those fea-tures of data whih are important for the same-side-kaon avor tagging algorithm,whih will be presented in Chapter 6.Multiple interationsThe average number of p�p interations per bunh rossing is 2.3 for an instantaneousluminosity of 1032 m�2s�1. The simulation ontains only single b�b events and thuslaks, by default, the possibility that the event atually ontains additional traksfrom another interation, whih is referred to as a pile-up event. Among these traks,the algorithm for same-side avor tagging desribed in Chapter 6, may selet a tagandidate if the trak satis�es the requirements in Setion 6.3. Suh seletion providesa random tagging deision, beause the avor of the B meson produed in one p�pinteration is unorrelated with the harge of the partiles produed in another p�pinteration. To aount for this e�et, whih redues the performane of the same-side avor tagger and beomes more important for inreasing luminosity, a sample ofandidate tagging traks has been extrated from the data sample of reonstrutedB0s ! D�s �+; D�s ! �0�� deays and added to the Pythia-MC sample utilized tostudy the performane of same-side tagging algorithms.Firstly, the number of additional potential traks needs to be estimated. Thenumber of traks to be added to the N th event is determined by ounting the numberof traks in the (N+1)th event in the MC sample whih are within �1:2 m, the widthof the B0s signal region, of the B0s vertex in the N th event, and satisfy the seletion90
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Figure 4.3: TOF eÆienies in simulation (left) and in data (enter), and the data-simulation ratio R� (right), for D� modes as a funtion of pT . From top to bottom,the plots for the 0d, 0h, and 0i periods of data-taking are shown. The red urve(middle) in the R� distributions is the derived orretion funtion, the blak urvesrepresent the unertainties used for later systemati analysis.uts de�ned in Setion 6.3, where all the quantities are alulated with respet to theB0s andidate of the N th event. If the B0s signal regions in events N and N+1 overlap,then event N +2 is utilized. This method allows to preserve the z distribution of theB0s signal. By this method, a single additional tagging trak andidate from pile-upevents is ounted in 0:22% of the events in 0d, 0:65% in 0h, and 0:72% in 0i data.Then, a sample of potential traks from pile-up events is retrieved from data, andis omposed by all traks whih satisfy the ondition j�z0(B0s; trk)j > 4 m, andthe uts in Setion 6.3 (with the obvious exeption of the j�z0(B0s; trk)j < 1:2 mrequirement). Traks from this sample are then mixed with the MC sample, aordingto the frations determined with the method desribed above.91



B��(B�J) prodution rate and harateristisPythia does not produe any exited B mesons in the simulation of the b-quarkfragmentation in its default on�guration, i.e., a b�q (and harge-onjugate) state withangular momentum L equal to one. The absene of B�� states raises onerns on theability of the MC simulation to aurately reprodue the performane of same-sidetagging algorithms as found in data.In fat, same-side tagging algorithms rely on the orrelation between the avorof the B meson and the harge of the partiles generated in the fragmentation of ab quark [88℄. The deay of a B�� meson predominantly produes a B0 or B+ mesonand a harged pion. Due to the kinemati of the deay, the pion an be preferentiallyhosen as the tagging trak andidate beause it is often found in the proximity ofthe B andidate. Moreover, the harge-avor orrelation is the same as expetedby same-side tagging algorithms for B0 and B+ mesons. Thus, any hange in theprodution ratio of exited B mesons inuenes the measured performane in MCevents of same-side tagging algorithms. However, when the tagging algorithm missesthe deay pion and selets a fragmentation trak produed with the B��, the B avorand the pion harge are anti-orrelated. These two e�ets partially anel, reduingthe atual inuene of B�� prodution ratios on the tagging properties as measuredin MC samples.In the ase of B�� deays with a B0s meson in the �nal state, the dominant deayis, due to the limited available phase-spae, B0s. No harged partiles are produed,thus the e�ets of the B�� tuning on the performane of same-side tagging algorithmsare more subtle, and overed by statistial utuations of the available MC sample.This study is important beause it is possibile to hek the e�ets of this tuningon B+ and B0 samples, where they are more signi�ant, on data and simulated events.It thus ontributes to building the on�dene that simulated events an be used toalibrate a same-side tagger.The default setup of Pythia has been modi�ed by setting the prodution ratio ofexited B mesons, equivalently, the fration of B mesons originating from the deayof an L = 1 state, to 20%, whih is aligned with experimental measurements (Refer-ene [89℄, among others). Besides, the masses and widths of the states with u or dquarks (thus exluding the B�sJ ones) were replaed by the measurements publishedin Referene [62℄. Table 4.5 ontains the modi�ed parameters of the Pythia on�g-uration, whih are also diretly listed in Appendix A.Fragmentation frationsThe Pythia-MC events are generated aording to the Lund string fragmentationmodel, whih requires a fragmentation funtion as input. The fragmentation desribesthe formation of hadrons out of the initial string. It thus a�ets the trak multipliityaround the B meson, the momentum of the B meson, and the avor and momentumof the traks around the B. Two fragmentation funtions are utilized: the Lund [90℄and the Peterson [91℄ parameterizations. Their funtional forms are reprodued in92



Partile (+::) LSJ Ratio [%℄ Mass [GeV=2℄ Width [GeV=2℄B�00 , B�+0 110 20 5.70 0.20B001 , B0+1 101 6.67 5.73 0.20B01 , B+1 111 6.67 5.73 0.02B�02 , B�+2 112 6.67 5.74 0.02Table 4.5: Prodution ratio, mass and width of the B�� states whih were modi�edin Pythia-MC simulation. The states, all of whih have angular momentum L equalto one, are identi�ed by their spin S and total angular momentum J . Produtionratios depend upon spin and total angular momentum of the B�� states, but not ontheir harge.
the equation below, where L indiates the Lund funtion and P the Peterson one:fL(zja; B) / 1z (1� z)ae�BzfP (zj�b) / 1z �1� 1z � �b1� z��2z � EB + pBLEb + pb ; (4.3.15)where a, B and �b are the free parameters of the models. The variable z is de�nedas the ratio of the sum of the energy E and the longitudinal momentum pL of the Bmeson, and the sum of energy and momentum p of the b-quark. Figure 4.4 shows anexample of typial Lund and Peterson fragmentation funtions.MC events are produed using the Peterson fragmentation funtion with �b = 0:006for the strings with heavy quarks b and , and the Lund funtion with a = 0:3 andB = 0:58 GeV�2 for the light strings u, d, and s.The Peterson fragmentation funtion is known not to be the best hoie for re-produing B data, as shown in Referene [93℄. However, it has been deided toutilize the Peterson fragmentation funtion for the strings with heavy quarks. Thereason for not diretly utilizing the Lund funtion is that the Peterson one has along tail toward low z values. This allows one to perform studies of systematierrors by reweighing the generated events aording to di�erent fragmentation fun-tions, as shown in Setion 6.8.2, with weights reasonably lose to unity, thus redu-ing statistial utuations. The events ontaining a B meson, whih are produedaording to the Peterson funtion fP with �b = 0:006, are then reweighed withw(z) = fL(zja = 1:68; B = 15:60)=fP (zj�b = 0:006), where the parameters hosen forthe Lund funtion fL follow from the presription of Referene [93℄, whih presents atuning of a and B utilizing e+e� ! b�b events registered at the Z0 pole at LEP.93
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simulated data is a fundamental part of the analysis presented in this doument,and relies on the simulation to provide a good representation of the data.The distributions in the �gures in the next setions ontain some examples ofthe omparisons produed. The B0 ! D��+;D� ! K+���� data sample is oftenutilized to validate the MC simulation, beause the large sample size allows for amore preise omparison.In all the plots, the distributions indiated by the \data" label are obtained ap-plying the following algorithm for sideband-subtration:� two mass ranges are seleted to de�ne the \signal" and \sideband" regions. Typ-ial values for the B0s ! D�s �+;D�s ! �0�� deay mode are [5:306; 5:425℄ GeV=2and [5:6; 5:9℄ GeV=2, for signal and sideband, respetively.� the distribution of the mass of B andidates is �t with a funtion representingthe signal (typially, a Gaussian funtion) and bakground (a linear or expo-nentially deaying funtion) omponents, and the ratio of the integrals of thebakground omponent in the signal and in the sideband regions de�nes thesale fator to use in the subtration.� �nally, the \data" distribution, whih the MC simulation is ompared to, isobtained by saling the distribution of the quantity of interest (i.e., pT , �, . . . )when the B mass is in the \sideband" region by the sale fator alulated in theprevious step, and then subtrating the saled distribution from the distributionin the \signal" region.This algorithm relies on the assumption that the properties of the events in thesideband are similar to the bakground events in the signal region.4.4.1 Data{Pythia-MC-simulation omparisonThe �gures in this setion show the agreement with data ahieved in the Pythia-MC simulation. The attention is turned to the quantities that will be utilized, aspresented in Chapter 6, to selet tagging trak andidates and as an input to thetagging algorithm This setion is meant to build the on�dene that the onlusionsof the next hapter, derived from MC studies, are robust.The �rst set, in Figure 4.5, presents the omparison of the trak quantities usedto selet tag andidates. These quantities inlude the impat parameter signi�aned0=�d0 , the separation in �{� spae2 �R and the longitudinal separation �z0 betweenthe tagging trak andidate and the reonstruted B0s meson, the pseudorapidity �,and the number of hits in the silion detetor. The \N-1 uts" label indiates thatthe set of tag andidates whih enter the distribution is seleted by applying all utsexept the one on the quantity whih is being tested.An analysis of the kinemati properties of the B0s andidate ompletes the MCstudy. The distributions, in data and Pythia-MC, of transverse momentum, impat2Distane in �{� spae is measured by �R �p��20 +��2, as de�ned in Equation 2.2.3.95



 significance|0 |d…N-1 cuts
0 2 4 6 8 10

en
tr

ie
s 

pe
r 

bi
n

0

10

20

30
 Pythia

 Data

 significance|0 |d…N-1 cuts
0 2 4 6 8 10

en
tr

ie
s 

pe
r 

bi
n

0

10

20

30

+π -
s D→ sB

R(B,tracks)∆ …N-1 cuts

0 1 2 3 4

en
tr

ie
s 

pe
r 

bi
n

0

10

20

30

40
 Pythia

 Data

R(B,tracks)∆ …N-1 cuts

0 1 2 3 4

en
tr

ie
s 

pe
r 

bi
n

0

10

20

30

40
+π -

s D→ sB

 [cm]B tracks z - z…N-1 cuts
-4 -2 0 2 4

en
tr

ie
s 

pe
r 

bi
n

0

20

40

60

 Pythia

 Data

 [cm]B tracks z - z…N-1 cuts
-4 -2 0 2 4

en
tr

ie
s 

pe
r 

bi
n

0

20

40

60 +π -
s D→ sB

η …N-1 cuts
-2 -1 0 1 2

en
tr

ie
s 

pe
r 

bi
n

0

5

10

15
 Pythia

 Data

η …N-1 cuts
-2 -1 0 1 2

en
tr

ie
s 

pe
r 

bi
n

0

5

10

15

+π -
s D→ sB

 hitsφ number of Silicon …N-1 cuts

0 2 4 6 8

en
tr

ie
s 

pe
r 

bi
n

0

100

200

 Pythia

 Data

 hitsφ number of Silicon …N-1 cuts

0 2 4 6 8

en
tr

ie
s 

pe
r 

bi
n

0

100

200

+π -
s D→ sB
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Figure 4.6: Comparison of distributions of the B0s ! D�s �+; D�s ! �0�� andidatesbetween data (blak markers) and Pythia-MC simulation (solid gray histogram).From left to right, and top to bottom, are plotted the distributions for: transversemomentum, impat parameter, ight distane in the transverse plane Lxy and errorin Lxy.
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mesons reonstruted in the B0s ! D�s �+;D�s ! �0�� deay mode, in data and in theMC simulation, and omprise the variables whih are most ruial to the analysis.Figure 4.7 ontain the distributions of variables suh as the �2 of the �t of the Bdeay vertex, and the impat parameter d0, the pseudorapidity �, the transverse deaylength Lxy, the transverse deay length resolution �Lxy and signi�ane Lxy=�Lxy ofthe reonstruted B andidate, and the impat parameter signi�ane d0=�d0 of thepion produed in the B0s ! D�s �+ deay.The seond set of omparisons, in Figure 4.8, presents the data{MC-simulationsimulation agreement of quantities relative to the D�s andidate: transverse deaylength, transverse deay length resolution and signi�ane, transverse momentum pT ,and mass m of the D�s andidate, and the impat parameter signi�ane d0=�d0 of thetwo kaons whih form the �0 meson in whih the D�s andidate is reonstruted to havedeayed. In the ase of the D�s andidate, the quantity Lxy(D�s ) is rather improperlyindiated, in the above list, as \transverse deay length" beause it represents thedistane, projeted along the transverse momentum, between the primary vertex andthe D�s deay vertex. The transverse deay length of a D�s andidate more properlyindiates the projetion along the D�s transverse momentum of the distane betweenthe D�s prodution and deay verties, i.e., the B0s and D�s deay verties, respetively.In eah plot, the distribution obtained by utilizing bakground (i.e., seleting a B massregion far from the expeted signal region) is also shown, whih enables one to quiklyidentify the variables that provide signal{bakground separating power.The plots in this setion show a good level of agreement between data and MCsimulation, whih allows us to state that the seletion optimized with MC data is trulylose to the best possible one. As in the previous setion, the data{MC-simulationagreement is expressed in terms of the probability returned by a �2 test.The hapter presented the work devoted to produe an adequate simulation of thedata sample olleted with the CDF detetor. The quality of the MC simulation istesti�ed by the distribution omparisons shown in this last part. The on�dene thatthe results obtained with simulated events are trustworthy is established here. Inpartiular, the predition of the performane of same-side avor-tagging algorithmsin samples of B0s mesons, as the one whih is the subjet of this thesis entirely relieson the MC simulation.
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Figure 4.7: Comparison of distributions of the B0s ! D�s �+; D�s ! �0�� andidatesbetween detetor (blak markers) andBGenerator-MC data (solid gray histogram).From left to right, and top to bottom, are plotted the distributions for: the �2 of the �tof the B0s deay vertex, the impat parameter, the pseudorapidity, the transverse deaylength, the transverse deay length resolution and signi�ane of the B0s andidate,and the impat parameter signi�ane of the pion whih omes from the B0s deayvertex.
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Figure 4.8: Comparison of distributions of the D�s ! �0�� andidates from B0s !D�s �+ deays between detetor (blak markers) and BGenerator-MC data (solidgray histogram). From left to right, and top to bottom, are plotted the distributionsfor: transverse deay length, transverse deay length resolution and signi�ane, massand transverse momentum of the D�s andidate, and impat parameter signi�aneof the kaons whih form the �0 meson in the D�s �nal state.
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Chapter 5Elements of the B0s mixing analysisThis hapter presents the desription of the method and the ingredients for the anal-ysis whih resulted in the �rst observation of B0s � B0s osillations.5.1 Time-dependent study of osillationsThe equations whih desribe the time evolution of B0s mesons and relate their prob-ability of deaying with the same (\unmixed" ase) or the opposite (\mixed" ase)avor with respet to their prodution avor are presented in Setion 1.2. The prob-ability density funtions for a B0s meson produed at time t = 0 to deay at time t asa B0s or a B0s are drawn in Figure 5.1. An interesting quantity is represented by theasymmetry A: A(t) = Punmixed(t)� Pmixed(t)Punmixed(t) + Pmixed(t) ; (5.1.1)where Punmixed and Pmixed are the probabilities that a B0s meson deays a time t afterprodution with the same, or opposite, avor with whih it was produed. Thesetwo probability density funtions are de�ned in Equations 1.2.9 and 1.2.8. Utilizingthe expressions provided for Punmixed and Pmixed, the asymmetry A results in anexpression whih is diretly proportional to os�mst.A diret approah to the measurement of a mixing frequeny, whih is the aim ofan analysis of osillations, onsists in the �t of the asymmetry, obtained by reon-struting partile andidates and ounting how many of them deay with the same,or the opposite, avor as at prodution, and as a funtion of time. In the ase of ananalysis of B0s mixing, however, a di�erent method is required beause, a priori, itis not known whether the available data are suÆiently sensitive to disriminate anosillatory signal. The main obstales are the ability to disern the andidate avorat prodution, and the measurement of the proper deay-time, the resolution of whihneeds to be suÆiently preise to resolve the time-dependene of B0s�B0s osillations.Beause the analysis presented in this doument aims at measuring a frequeny,it is natural to onsider performing a searh in the frequeny domain. The method isdesribed in Referene [94℄ and is usually referred to as the amplitude san method.101
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B0s transverse deay length (Equation 4.3.1). In the ase of partially reonstrutedhadroni and semileptoni B0s deays, where the B0s andidate is not fully reon-struted, a orretion fator k has to be inluded to aount for the missing momen-tum. The expression beomes:t = t� k; t� = L`Dsxy MBsp`DsT ; k � Lxy(Bs)L`Dsxy p`DsTpT (Bs) ; (5.2.2)where L`Dsxy and p`DsT are the projeted displaement and the transverse momentum ofthe reonstruted deay produts, and MBs is the world average of Bs mass measure-ments. The quantity t� is traditionally alled pseudo-proper deay-length and is on-struted with only the information from the reonstruted lepton and D�s andidates.An average distribution, F (k), for the k-fator is obtained from BGenerator-MCsimulation, and onstitutes an important ingredient for the �t of proper deay length.The determination of the proper-deay-time resolution is a ritial part of theanalysis, beause it dramatially a�ets the sensitivity for observing an osillationsignal. From the de�nition of the proper deay-time in Equation 5.2.1, the followingexpression is obtained: �t = �Lxy � MpT � t � �pT ; (5.2.3)where the omponent due to the unertainty onM is omitted, beause it is negligible.The resolution of a proper-deay-time measurement thus ontains two omponents,the �rst of whih is independent of the proper time, while the seond omponent isdiretly proportional to the deay time of reonstruted B0s andidates.The �rst term ontains the ontribution of the measurement of the transverseight distane of the B0s meson. It depends on the auray with whih the PV,where the p�p interation ourred and the B0s was produed, and the SV, the deaypoint of the B0s meson, are measured. The position of the PV is determined for eahevent by �tting part of the traks in the underlying event to a ommon origin, asdesribed in Referene [80℄, and presented in Setion 4.3.2.The measurement of the error on the SV is more ompliated, beause it wouldrequire an ensemble of B0s mesons deaying at known positions. Therefore, a alibra-tion sample of pseudo-B0s andidates was onstruted by assoiating a trak, whihis prompt in most of the ases, to a D andidate that is seleted by applying utswhih enhane the fration of prompt D andidates. This method allows one to ob-tain topologies similar to B0s deays, a large amount of whih originates from thePV, and thus have Lxy � 0 by onstrution. The alibration sample is obtained byutilizing D andidates reonstruted in the two-displaed-trak triggers, the require-ments of whih are presented in Table 3.1. Eah D andidate is required to have beenreonstruted using the two trigger traks, its impat parameter must be less than100 �m, and its reonstruted mass needs to be within 8 MeV=2 of the PDG value [7℄.The additional uts whih are applied to the deay verties of pseudo-B0s andidates,in the D{single-trak and D{three-traks topologies, are reported in Table 5.1. Thelisted requirements allow for the seletion of samples of pseudo-B0s andidates whih104



Cut D� D���Mass [GeV=2℄ [5.4,6.0℄ [5.4,5.8℄pT [GeV=℄ > 5; 5 > 6:0�2r� < 15 < 15pT (�) [GeV=℄ > 1:2 |Mass(���)[GeV=2℄ | < 1:75Table 5.1: Seletion uts for D� and D��� vertex andidates. These uts de�ne theseletion of the samples of pseudo-B0s andidates whih are utilized to alibrate theproper-deay-time resolution. Pseudo-B0s andidates are produed by assoiating oneor three traks to a D andidate with jd0j < 100 �m and reonstruted mass within8 MeV=2 of its PDG value.are enrihed in andidates produed at the p�p interation point, and reprodue thetopology of B0s ! D�s �+ and B0s ! D�s �+���+ deays.The distribution of the proper deay-time measured in the alibration sample isshown in Figure 5.3. The small omponents whih are �t with exponential funtions(indiated by f+, in the �gure, plus a similar ontribution symmetrial with respetto the origin) ontain the non-prompt part of the sample of pseudo-B0s andidates.The width of the Gaussian funtion whih �ts the prompt omponent of the alibra-tion sample is taken as the true resolution of the reonstruted deay time. From theomparison of our estimate of the error with the error resulting from the ombina-tion of the PV and SV �ts a sale fator is obtained. This sale fator is applied tothe �Lxy returned by the �ts of the B0s andidates reonstruted in data. The salefator is parameterized as a funtion of several kinemati variables, to aount fordi�erenes between the kinemati properties of the alibration sample and the B0ssignal sample, and applied on a andidate-by-andidate basis. The parameterizationis obtained by binning the sample of pseudo-B0s andidates with respet to a kine-mati variable, and then measuring the sale fator in eah of these subsamples. Thesale-fator dependenes are orreted one variable at a time, whih assumes thatthe orretions fatorize ompletely. After the �nal tuning step is applied, the salefator shows a at behavior entered around 1:0. In a realisti senario, the fator-ization of the orretion fator is not omplete, and residual deviations are present.An additional global sale fator is applied to �t, and aounts for the residual dis-agreement between measured and expeted proper-deay-length resolution after theandidate-by-andidate alibration. A di�erent global sale fator is utilized for eahB0s deay mode. These sale fators are expeted, and measured, to be lose to unity.The determination of sale fators is detailed in Referene [96℄, where the proedurewhih has been briey presented here is desribed in full detail.The seond fator in Equation 5.2.3 depends on the error in the pT measurement,and inreases linearly with the proper deay-length t of a andidate. While in thease of fully reonstruted deays �pT is negligible, for partially reonstruted ones itrepresents an important addition to the global unertainty and is losely tied to thedistribution of the k-fator de�ned in Equation 5.2.2. The k-fator distribution, F (k),is obtained from MC simulation. The r.m.s. width of F (k), de�ned as phk2i � hki2,105
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Figure 5.4: k-fator distribution for several `D�s mass regions (B0s semileptoni de-ays, D�s ! �0��) and for partially reonstruted hadroni deays [97℄ (left). Theplot on the right shows the mean proper-deay-length resolution �t as a funtion ofthe proper deay-length t, derived from Equation 5.2.3.as a funtion of the proper deay-length, derived from Equation 5.2.3. These plotsshow that the partially reonstruted hadroni samples provide a resolution whih isomparable to the fully reonstruted ones. This is a onsequene of the fat thatthe partiles whih are not reonstruted arry a small fration of the momentumof a B0s andidate. The proper-deay-length resolution of the partially reonstrutedsemileptoni samples is presented in bins of `D�s mass. The few andidates whihpopulate the high mass bin are almost as good as fully reonstruted hadroni modes.In Figure 5.5 the proper-deay-time distribution of B0s ! D�s �+; D�s ! �0��andidates, both fully and partially reonstruted, is shown. A omplete analysis ofB0s lifetime, whih would inlude the evaluation of systemati unertainties, has notbeen performed. However, a measurement of B0s lifetime has been obtained as a by-produt of an analysis of B0s osillations by performing a �t of proper deay-length asthe one presented in Figure 5.5. The result is in agreement with the world average ofB0s lifetime measurements, whih onstitutes a ross-hek that the absolute t saleis orret. This issue is addressed in more detail in the disussion of the systematiunertainties on �ms, in Setion 7.2.2.5.3 Flavor taggers: SST and OSTWhile the avor of the B0s andidate at the deay point is unambiguously de�ned bythe harges of its daughter traks, the avor at prodution is inferred, with a ertaindegree of unertainty using avor tagging algorithms.Two types of avor tagging algorithms are utilized at CDF: opposite-side (OS)107
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Figure 5.5: Proper-deay-time distribution of B0s ! D�s �+, D�s ! �0�� andidates.The �tted value of B0s lifetime is in agreement with the world average of B0s lifetimemeasurements, and thus provides a test for the orretness of the global t sale.and same-side (SS) avor taggers. The performane of a tagger is quanti�ed by itseÆieny �, the fration of andidates to whih a tag is assigned, and dilution D,de�ned as 1 � 2Pw, where Pw is the probability that the assigned tag is inorret.The sensitivity for observing an osillation signal is proportional to p�D2, whih thusrepresents the �gure of merit of a tagging algorithm. The deisions of the OS and SStaggers are ombined by treating the two taggers as independent [98℄.5.3.1 Opposite-side Flavor TaggingOpposite-side taggers exploit the fat that at hadron olliders b quarks are mostlyprodued in b�b pairs. Therefore, the avor of the b quark in the opposite-side withrespet to the reonstruted andidate is orrelated to the avor at prodution of theB0s meson of interest. Limitations in opposite-side tagging algorithms arise beausethe seond bottom hadron is inside the CDF detetor aeptane in less than 40% ofthe events, or, it is also possible that the seond B hadron is a neutral B meson thatmixed into its anti-partile. 108



Soft-lepton taggers (SLT) are based on b! `�X semileptoni deays. The hargeof the lepton, either a muon or an eletron, is orrelated to the harge of the deayingB meson: an `� is produed in the transition b ! `���X, while an `+ signals a �bavor. The semileptoni B branhing ratio is small, BR(B! `X) ' 20%, in terms ofthe tagger eÆieny, but the lepton identi�ation has a high purity. The tagger is thusexpeted to have low eÆieny, but large dilution. A omplete desription of the soft-muon and soft-eletron taggers utilized in this analysis are presented in Referenes [55℄and [56℄, respetively. A brief summary of the method adopted to identify leptonandidates is desribed in Setion 3.4.1. Table 5.2 indiates the performane of thesoft-muon and the soft-eletron taggers, evaluated on 0d data samples.The opposite-side-kaon tagger (OSKT) is based on asade deays b! ! s. Theharge of a kaon from the harm deay ! sX is orrelated with the B avor: a K�results from the deay hain b! ! s, a K+ originates from a �b quark. The hallengeonsists in identifying kaons among a vast bakground of pions and then �nding thekaon andidate from the B hadron deay among all other kaons. The identi�ation ofkaons utilizes pID information from the TOF detetor and spei� ionization dE=dxmeasured in the COT. The probabilities from the tight and dE=dx measurements for agiven trak P(i) for the partile hypotheses i = K; �; p are ombined in the likelihoodratio LR: LR(K) = log� P(K)fK P(K) + f� P(�) + fp P(p)� ; (5.3.1)where fK = 0:2, f� = 0:7 and fp = 0:1 are the a priori frations of kaons, pionsand protons in the sample, as measured in Referene [99℄. Kaons are identi�ed byapplying a lower ut on LR(K). The impat parameter signi�ane d0=�d0 is utilizedto distinguish the kaons originating from B hadron deays. Kaons are separated inthree lasses to improve the e�etiveness of the tagger. The �rst lass ontains tagswhere the identi�ed kaon andidate is part of a jet produed at a SV. The eventsin the seond lass do not have a SV identi�ed, but isolated traks. These trakssatisfy the requirements to be part of a jet, but no other trak ould be assoiatedwith them to form a jet. The third lass inludes all other tags. On average, tagsof the �rst lass are haraterized by higher dilutions. As opposed to the soft leptontaggers, this method is haraterized by a medium eÆieny and small dilution. Theopposite-side-kaon tagger is detailed in Referene [100℄. The performane of thistagger on a sample of 0d data is reported in Table 5.2, at the end of this setion.The jet-harge tagger (JQT) utilizes the orrelation of the harge of a b-jet tothe harge of the originating b quark. The harge of the b-jet is de�ned to be themomentum-weighed sum of the harges of the traks assoiated with the jet. Trak-based jets are �t using a one-lustering algorithm utilized in Run I analyses anddesribed, for example, in Referene [101℄. Then, two ANN's, trained on b�b PYTHIAMC, are utilized in the identi�ation of tagging jets assoiated with B hadrons inthe opposite-side. The �rst ANN, \trakNet", assigns eah trak in a jet the prob-ability Ptrk that it originates from a B hadron deay. The seond ANN, \bJetNet"utilizes the trak probabilities and additional jet related kinemati input to evaluatethe probability that a jet is the tagging one. A omprehensive desription of the109



Flavor tagger �D2[%℄Soft-muon 0.559 � 0.094 � 0.027Soft-eletron 0.264 � 0.054 � 0.022Jet-harge Se. Vertex 0.230 � 0.068 � 0.017Jet-harge Trak Prob. 0.347 � 0.084 � 0.020Jet-harge Trak pT 0.152 � 0.055 � 0.024Opposite-side kaon 0.229 � 0.016 � 0.001Table 5.2: Performane of opposite-side avor taggers. The measured values of �D2are followed by their statistial and systemati unertainties. The taggers are appliedto samples of B andidates orresponding to the 0d period of data-taking, for a totalintegrated luminosity of 355 pb�1. The reonstrution of the fully-hadroni B0 andB+ modes to whih the soft-lepton and jet-harge taggers are applied is desribedin Referene [103℄. The three lasses of jet-harge taggers, desribed in the text,are separately presented. The opposite-side-kaon tagger is applied to a sample ofsemileptoni B deays, as desribed in Referene [100℄.two ANN's is presented in Referene [101℄. The jet with the highest probability, asalulated by bJetNet, is seleted as the tagging jet. The jet harge Qjet, from whihone infers the opposite-side avor, is de�ned as follows:Qjet = Pi Qi � piT � (1 + P itrk)Pi piT � (1 + P itrk) ; (5.3.2)where Qi and piT are, respetively, the harge and transverse momentum of a trakin the jet, and P itrk is the probability that the trak belongs to a b-jet. Jets aredivided in three mutually exlusive lasses to better utilize the statistial power ofthe tagging algorithm. The �rst lass ontains jets whih are onsistent with omingfrom a seondary vertex that has a deay length signi�ane, Lxy=�Lxy , greater than3. The seond lass inludes all jets not in the �rst lass, with at least one trak inthe jet suh that Ptrk > 50%. The third lass ontains all the remaining jets. Thetagger purity dereases from the �rst to the third lass. The jet tagger is expeted tohave high eÆieny but lower dilution than the other algorithms. The performaneof the jet-harge tagger applied to 0d data samples is summarized in Table 5.2. Thethree lasses of jets are separately presented.Finally, an ANN ombines the piees of information provided by the three tag-gers [102℄. The performane of opposite-side taggers is independent of the type of Bmeson produed on the signal side. It is thus possible to exploit high statisti B+ andB0 samples to alibrate opposite-side taggers.The performanes of the individual OST algorithms whih ontribute to the om-bined OST utilized in this analysis, evaluated on 0d data samples, are summarized inTable 5.2. The �gure-of-merit of the ombined opposite-side tagger, in the hadroniand semileptoni data samples, is reported in Table 5.3, at the end of this setion.110



�D2 Semileptoni HadroniOST 1.8�0.1 % 1.8�0.1 %SST 4.8�1.2 % 3.4�0.9 %Table 5.3: Performane of avor taggers used at CDF in the hadroni and semilep-toni samples. Statistial and systemati unertainties are added in quadrature. TheSST performane depends on the pT of the B0s andidates to whih the tagger is ap-plied. Semileptoni B0s andidates have a harder pT spetrum, whih explains thedi�erene in the performane of SST in the two samples.5.3.2 Same-side Flavor TaggingThe same-side (kaon) tagger (SST) is based on the orrelation between the b avorand the harge of the partiles produed in assoiation with the B0s andidate duringthe fragmentation proess of the b quark. When a B0s(B0s) meson is formed, a �s(s)quark is left at the end of the fragmentation hain and may form a K+(K�). Thus, ifa harged partile is found lose to the B0s meson and identi�ed as a kaon, it is likelyto be the leading fragmentation trak, the harge of whih is orrelated to the hargeof the b quark ontained in the reonstruted andidate, at the time of its prodution.The development of the algorithm for same-side avor tagging utilized in thisanalysis of B0s osillations is presented in Chapter 6.Table 5.3 reports a summary of the performane of the SST in the hadroni andsemileptoni data samples, separately. The performane of opposite-side taggers isidential in both samples beause these taggers utilize information whih is inde-pendent of the behavior of the trigger-side B0s andidate. On the other hand, theperformane of the same-side tagger used in this analysis is dependent on the pT ofB0s andidates. The semileptoni B0s andidates reonstruted for this analysis havea harder pT spetrum than the hadroni B0s andidates. It is alulated using MCevents that the harder the pT spetrum of B andidates in a sample, the higher theperformane of SST. This explains the di�erene in the performane of SST in thetwo samples.The elements of the mixing analysis presented in this doument are desribed in thishapter. The disussion on the avor tagging algorithms utilized in this analysis isompleted in the next hapter, whih is entirely dediated to same-side avor taggingof B0s andidates.
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Chapter 6Same-Side Flavor TaggingThe tagging of the avor at prodution of B0s mesons is an indispensable ingredientfor an analysis of B0s osillations. This hapter desribes the development of the same-side-kaon tagger utilized in the analysis presented in this doument. This algorithmprovides most of the total avor tagging power available to the B0s mixing analysispresented in this doument, being 2-3 times more powerful than the other availabletagging algorithms.6.1 General desription of taggingFlavor tagging refers to the proess of deiding whether a B meson at its birth ontainsa b or a �b quark. The time-dependent analysis of mixing requires knowledge of theavor of the meson at the time of its prodution and deay. The latter is readilyknown by reonstruting deay modes whih unequivoally indiate the deay avorof the B andidate, suh as B0s ! D�s �+, where the harges of the pion and of the D�sandidate reveal the avor of the deayed meson. Assessing the avor at produtionis not as straightforward, and di�erent algorithms have been developed. Some ofthese algorithms, among whih the ones used in this and in previous CDF analyses,are desribed in the following setions.As already explained in Setion 5.1, the performane of a avor tagger is tradition-ally measured in terms of its eÆieny � and dilution D. The eÆieny orrespondsto the fration of events to whih a tag an be assigned. The dilution is de�ned as1� 2Pw, where Pw is the probability that the assigned tag is inorret.The dilution of a tagger is dependent on harateristis of the event. In an e�ort toextrat as muh information as possible from the available data, eah andidate witha non-null tag deision is assigned a dilution whih is parameterized as a funtion ofvarious harateristi quantities of the andidate. The output of a tagging algorithmis thus a weighed deision, where the dilution onstitutes the weight. The sample ofandidates for whih the tagging algorithm annot determine the avor at produtionis assigned a null deision. The andidate-by-andidate dilution is determined byparameterizing the average dilution in bins of harateristi quantities of the event.In eah bin, the average dilution is equal to the ratio between the di�erene and113



the sum of the numbers of andidates, in that bin, whih are orretly and wronglytagged. These numbers are indiated by NRS (\right" sign) and NWS (\wrong" sign),respetively, in the following formula for the average dilution D:D = NRS �NWSNRS +NWS : (6.1.1)For example, the use of a MC sample allows one to exatly know whether tags areorret or not | more on this subjet in Setion 6.7. This proedure thereforeprovides the orret dilution of the andidate as a funtion of the hosen variables.Finally, the andidate-by-andidate dilution provided by a avor tagging algo-rithm is �ne-tuned by alibrating the avor tagger. The proedure adopted for ali-brating a avor tagger onsists in the multipliation of the dilution whih the taggerassigns to a andidate by a saling fator, uniquely haraterizing a tagging algorithm.This sale fator provides a global orretion for andidate-by-andidate dilutions.In the rest of this doument, the parameter SD indiates this global sale fator.The use of a single sale fator per tagging algorithm allows for the quanti�ationof di�erenes between the predited and the atual dilutions of tagging algorithmswhen applied to the olleted data sample. If the dilution parameterizations (boththe funtional forms and the onstants of the parameterizations) are adequate anddiretly appliable to the samples to be �tted, the sale fators are expeted to beonsistent with unity.The saling fator of the same-side algorithms presented in this setion, whenapplied to the B0s samples utilized in this analysis, are determined by performing �ts ofMC events. The saling fator is a free parameter of the �ts of mass and proper deay-time of MC andidates, whih are known to have been produed with �ms �titiouslyset to zero. The B0s andidates in the MC sample utilized for the tagger alibrationare separated aording to the tagger deision | mixed, unmixed, or untagged | andtheir mass and proper-deay-time distributions are �t simultaneously. The followingequation presents a generalization of Equations 1.2.8 and 1.2.9, whih assume the useof a perfet tagger, to the ase in whih a avor tagger with dilution D is utilized:Punmixed=mixed(t) / [1�D os (�mst)℄ : (6.1.2)These equations desribe the probability P that a B0s meson produed at time t = 0deays at time t with the same (\unmixed"), or the opposite (\mixed") avor asat prodution. Beause it is known that simulated B0s andidates do not mix, theexpressions in Equation 6.1.2, with �ms = 0 ps�1 and D ! SDD, allow for themeasurement of SD. The alibration of avor taggers is extremely important when amixing analysis is expeted to set a limit on �ms, as shown in Setion 5.1, and whendi�erent avor taggers are utilized, beause it is neessary to know how to weighthem. The need for a orret sale fator for the same-side tagging algorithm onsti-tutes one of the main reasons behind the MC-tuning e�orts desribed in Chapter 4.The determination of sale fators for same-side taggers will be presented again inSetion 6.7.As a �nal remark, it is relevant to note that one does not need a perfet tagger,114



rather a well-alibrated one. The dilution provided by a tagging algorithm may notbe optimal, whih is the result, for example, of negleting to aount for any variablewhih is orrelated with the dilution, thus averaging over it. However, when analgorithm is orretly alibrated, not having the optimum dilution does not underminea mixing analysis any more than it does to not have the optimum event seletion.
6.2 Priniple of Same-Side TaggingThe Same-Side Taggers (SST) presented in the next setions are based on the or-relation between the avor of the b quark ontained in the B meson of interest andthe harge of the partiles that are most likely produed during the hadronizationproess of the B meson itself [88, 104℄.A B0s meson, a b�s bound state in terms of quarks, is produed when an s�s pairis pulled out of the vauum in proximity to the b quark. This leaves an s quarkwhih an ontribute to the formation of a kaon. The same-side tagger algorithmtries to reognize the leading fragmentation partile. In the fortunate ase in whihthis partile is a light, harged, kaon, its harge indiates the b quark avor: K�'sfollow B0s's, while K+'s are typially lose to B0s's, as desribed in Figure 6.1.From the point of view of the experimentalist, the tagger is expeted to havegood eÆieny beause the trak whih arries the avor information is lose to theandidate whih triggered the event, and therefore has a high hane of ending up inthe geometrial aeptane of the detetor.Nevertheless, there is a relevant issue in the ase of same-side avor tagging, whihis that there is no straightforward way to measure its dilution on data, beause thetagging harateristis depend on the partiular B meson. That ould only be possibleif B0s osillations are observed, and the dilution is �tted from the data.The study of same-side tagging in the environment of an hadroni ollider presentsmany hallenges. It is neessary to understand the prodution mehanism of b and�b quarks, their hadronization in B mesons, the type of partiles that are produedduring the hadronization proess. As mentioned above, the strangeness of B0s mesonsindiates strange partiles as the best tagging partiles. The algorithms for same-sideavor tagging for B0s mesons are thus often referred to as same-side kaon taggers.Among the fators whih modify their performane, it is worth mentioning the pro-dution of resonanes suh as exited B mesons, the deay of whih produes the B0smeson under study, and the prodution of B0s mesons in assoiation with resonanessuh as K�0, or �0.The following setions present the algorithms for same-side tagging whih pavethe way to the algorithm utilized in this analysis of B0s osillations. The problematiswhih derive from the physis of the proess of B0s prodution and the neessity toutilize a MC sample for the alibration of a tagging algorithm are treated in thesetion dediated to systemati unertainties on the alibration of same-side taggers.115



of the B hadrons. Approximately 40% of the B0 and B+ decays in this Monte Carlo aregeneric b! c decays with string fragmentation used to dress the charmed quarks to charmedparticles. This does not necessarily reproduce reality, so a full simulation will provide a betterestimate of �D2, but it could still be wrong by a signi�cant amount, and it could be eithertoo optimistic or too pessimistic.3.1.2 Same-side Tagging in B0= �B0 ! J= K0SFigure 7 illustrates the view we have for the fragmentation of a b quark into aB+ orB0 meson.To form a B+, a b quark combines with a u quark from a uu pair, pulled from the vacuum,�
 bug B+uqg ��; K�; K��; p�
 �
 bdg B0ddqg �+; K�0; p�
 �
 bsg B0ssqg K+; K�0;��

Figure 7: A schematic picture of B+, B0, and B0s meson formation in b quark fragmentation.A B+ is produced in association with positively charged hadrons only, while a B0 is producedalong with positive pions, negative kaons (via K�0 ! K��+) and antiprotons. A K+ isproduced in association with a B0s .which leaves a u quark available for the formation of the charged hadrons ��, K� or p. ForB+, all charged hadrons formed in this way have the same charge, which is opposite that ofthe primary b quark charge. However, for a B0 meson, a positive charge correlation occursonly when a �+ is formed. Same-side tagging methods rely on identifying fragmentationtracks produced in association with a B meson and using their charge to tag the productionavor. The e�ectiveness of this method for tagging the production avor of a B0 is reduceddue to the opposite charge correlations of associated pions and kaons/antiprotons. Hence,by restricting the sample of tracks selected as tag candidates to those that are consistentwith pions, one can improve the resulting dilution of the avor tag.We use the same-side tagging algorithm used in the CDF measurement of B0 $ �B0mixing [3] and in the CDF measurement of sin 2� [4]. This considers all charged particleswith pT > 400 MeV=c within an �-' cone of radius �R�' = 0:7, centered along the directionof the J= K0S momentum vector. Since we are considering only fully reconstructed B decays,we do not apply a cut on the impact parameters to select tracks from the primary vertex.For each track considered, the quantity prelT is calculated, which is de�ned as the transversemomentum of the track with respect to the combined momentum vector of the B and thetrack. If no track can be found in an event that satis�es these criteria, the event is nottagged. If at least one such track is found, the production avor is tagged according to thecharge of the track with the minimum prelT .We compare the performance of this algorithm to one that makes use of the particleidenti�cation capabilities that would be provided by time-of-ight. In this modi�ed same-12

Figure 6.1: Shemati drawing of partiles produed in assoiation with di�erent Bmesons.6.3 Seletion of tag andidatesDi�erent SST algorithms have been studied to selet the trak that is most likelyto be the leading fragmentation trak. The purpose of these studies was to �nd thealgorithm whih would have the best performane when applied to samples of B0sandidates. The next setions present some of these algorithms, with referenes totheir �rst introdution.The implementations of these algorithms for their use at CDF II share the sameinitial seletion of traks whih form the ensemble of tag andidates. The seletionuts are divided in three main ategories, whih are presented in the next paragraphs.The �rst set of uts onsists of requirements on the quality on the tagging trakandidates, and that tag andidates are ontained in a �duial volume of the CDFdetetor:� #Si hits � 3;#COT stereo hits � 10 and #COT axial hits � 10The requirement on the number of hits used in the reonstrution of the trakselets andidates with a reliable trak �t. This seletion test is widely utilizedin CDF analyses. As a quality riterion, it enfores traks to pass through theentral region of the CDF detetor. The distributions of the number of hits pertrak in the silion-based detetors and in the COT are shown in Figures 4.2and 4.5.� pT � 450 MeV=The traking performane is asymmetrial with respet to harge for low mo-mentum traks. This is due to the design of the COT. In fat, the ells of theCOT are tilted, with respet to the radius whih onnets a ell to the enterof the detetor, as it is visible in Figure 2.9. The setion of a ell thus appearsdi�erent to positively and negatively harged partiles, whih translates in adi�erent traking eÆieny. This ut allows one to avoid this problem, withoutsigni�antly a�eting the performane of the tagger. The omparison of the pTdistributions in data and in Pythia-MC events of tag andidates is shown laterin this hapter, in Figure 6.10.� j�j � 1The ut on the pseudorapidity of the andidate trak is strongly orrelated to therequirements on �R and the number of hits, whih prefer andidates in the en-tral region. It removes a remaining 10% additional traks above j�j = 1 whihhardly have any TOF information. Moreover, the COT dE=dx performane is116



well understood in the j�j < 1 range. In short, the ut removes preferentiallytraks that are of low quality for tagging purposes. The distribution of � ispresented in Figure 4.5.The seond set of uts is introdue to enrih the pool of tag andidates withtraks that are lose, in phase spae, to the B andidate, and are likely to have beenprodued at the primary vertex of the p�p interation:� �R(B; trk) � 0:7�R is de�ned as the distane in the �{� spae between the reonstruted Bmeson and the tag andidate trak:�R �q[�0(B)� �0(trk)℄2 + [�(B)� �(trk)℄2 : (6.3.1)The ut selets the traks whih are lose to the B andidate. As a side note,the opposite-side taggers that will be used in this mixing analysis, desribed inSetion 5.3.1, apply a omplementary request (�R > 0:7). The sets of traksfor opposite-side and same-side taggers are thus separated without overlap. Thedistribution of �R is presented in Figure 4.5.� j�z0(B; trk)j � 1:2 mThe purpose of this ut is to remove traks oming from p�p interations di�erentfrom the one whih produed the reonstruted B0s andidate. The z resolutionof tagging trak andidates is shown in Figure 4.5, where the distributions of�z0 in data and Pythia-MC simulation are shown. The ut orresponds toabout 3 standard deviations.� jd0=�d0j � 4This impat parameter signi�ane ut selets the traks whih ome from theprimary vertex of the interation, where the B andidate is produed. Thedistribution of d0=�d0 is shown in Figure 4.5.The last set of uts rejets traks whih are identi�ed as not been possible tagandidates:� rejetion of e, � and onversionsA likelihood-based ut is applied to rejet traks that are likely to have beenprodued by an eletron or a muon. In addition, traks that are onsistentwith oming from a  ! e+e� onversion are removed. More details on thelikelihood funtions utilized to identify leptons are presented in Setion 3.4.1.� rejetion of B daughter traksThe traks whih are used in the �t of the B andidate are expliitely exludedfrom the list of tagging trak andidates.One all the seletion uts are applied, B andidates are left with zero, one ormore tag andidates. The number of B andidates without any trak passing the117



seletion de�nes the eÆieny of the tagging algorithm:� = 1� N0 andsNTOT : (6.3.2)When one or more tag andidates are present, events are naturally divided in twolasses:� agreeing ase: if a single trak is seleted, or the harges of all tag andidatesare idential;� disagreeing ase: if not all of the tag andidates have the same harge.In the �rst ase, the SST deision is the same for all SST algorithms, and orrespond tothe harge of the seleted trak(s), while for events in the seond lass eah algorithmneeds to provide a method to selet the deision.The distributions of the number of tagging trak andidates in data and inPythia-MC events are ompared in Figure 6.2. The agreement between the two distributionsrepresents an important on�rmation of the goodness of the MC simulation.Various tagging algorithms have been extensively studied, measuring their per-formane in di�erent data samples and reonstruted B �nal states. The algorithmsdi�er in the method adopted to selet the tag andidate among the traks whihsatisfy the previous seletions. The �rst implementation of a same-side tagging algo-rithm in a CDF analysis is presented in Referene [105℄, whih pioneered same-sidetagging with an algorithm based on kinematis. The status of same-side tagging inCDF II before the introdution of the algorithm desribed in Setion 6.6, and utilizedin this mixing analysis, is summarized in Referene [106℄, whih presents a review ofvarious kinemati-based algorithms and an initial study of the partile-identi�ation{based algorithm whih would have been used in the analysis that resulted in the �rstmeasurement of �ms [17℄.The algorithm of same-side tagging utilized in this analysis of B0s osillationsutilizes a Neural Network to ombine kinemati and partile-identi�ation informationof tagging andidate traks. The next two setions present a review of the kinemati-based (Setion 6.4) and partile-identi�ation{based (Se. 6.5) algorithms whih weremore aurately studied. These algorithms provided an exellent starting-point forthe preparation of an improved tagger whih would ombine the piees of informationthat they use. The ombined tagger whih is �nally utilized in the analysis presentedin this dissertation is doumented in Setion 6.6, while other attempts to ombinekinemati and partile identi�ation information, whih were later disarded, arepresented in Appendix C.6.4 Kinemati based taggersThe kinemati harateristis of the leading fragmentation trak are orrelated withthose of the B andidate, beause the trak is expeted to be found lose in phasespae to the B meson. It is thus possible to exploit suh orrelations to selet a tag118
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Figure 6.2: Distributions of the number of tagging trak andidates in data andPythia-MC events.andidate, the harge of whih will provide the deision of the orresponding avortag algorithm.Di�erent algorithms based on kinemati quantities have been studied in reentyears, and are summarized in Referene [106℄. They are oneptually similar. Eah ofthem selets a kinemati variable whih is orrelated with the loseness in phase spaethat is, on average, expeted between the B andidate and the best tag andidate.An SST algorithm thus hooses the tag andidate suh that the seleted variable ismaximized, or minimized, depending on whether it is orrelated, or anti-orrelated,with its proximity in phase spae . The deision of the tagging algorithm is given bythe harge of the best tag andidate. Finally, the andidate-by-andidate dilution isparameterized in terms of a kinemati variable.The algorithm whih was most thoroughly studied selets the trak with the max-imum prelL as the tag andidate, and is referred to as max prelL . The variable prelL isgraphially de�ned in Figure 6.3. The performane of this algorithm, when appliedto a Pythia-MC sample of B0s ! D�s �+; D�s ! �0��, is expressed in terms of itse�etive dilution SDphD2i: SDphD2i = 22:8� 0:7% ;119
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where the predited tight is de�ned in Equation 4.3.13. The disriminating powerof the CDF TOF system is > 2 standard deviations for kaons and pions with pT <1:5 GeV=. The eÆieny with whih tight is assigned to a partile, as shown in Fig-ure 4.3, is dependent on the trak transverse momentum and is measured to be about65%. On the other hand, a large fration of tag andidate traks have momentuminferior to 1:5 GeV= (Figures 6.10 and 6.11), whih makes the TOF ontribution ofgreat importane.The piees of partile identi�ation information from the COT and the TOF areombined in a single variable, CLL, whih is de�ned as follows:CLL = log� L(K)fpL(p) + f�L(�)� ; (6.5.3)where: L(i) = Ptight(i) � PdE=dx(i) ; i = �;K; p : (6.5.4)In the previous formula, Ptight(dE=dx)(i) is the probability that the measured tight(dE=dx) is onsistent with the hypothesis that the partile type is i, where i = �;K; p.The variable CLL is thus the ratio of the likelihood L for the signal hypothesis dividedby the one orresponding to the bakground hypothesis, whih is onstituted mainlyby pions. The a priori fration of bakground pions, f�, is equal to 0:9, while protonsonstitute the remaining 10%, fp = 0:1. The likelihood that a partile is of a ertaintype, L(i), where i is either �, K, or p, is the produt of the probabilities P thatthe measured dE=dx and tight are onsistent with the hypothesized partile type, asshown in Equation 6.5.4.The distributions of CLL in data and in Pythia-MC events, where MC truthinformation is utilized to separate the ontributions of pions, kaons, and protons, areompared in Figure 6.5. The distributions produed by utilizing dE=dx and tighteah separately are shown in Figure 6.6. The de�nition of CLL in Equation 6.5.3implies that the higher the value of CLL, the more probable the partile is a kaon. Asexpeted, the greater separation provided by TOF, when its piee of information isavailable, with respet to dE=dx is visible in the �gures, where the CLL distributionof true kaons is more evidently shifted toward higher CLL values.The partile-identi�ation{based tagging algorithm presented in this setion se-lets the tag from among the andidate traks by taking the trak whih maximizesCLL. The tag deision is the harge of the seleted trak and the dilution is parame-terized as a funtion of CLL. Two senarios are distinguished, eah of whih adoptsan independent parameterization, aording to whether all the tag andidates havethe same harge or not. In the �rst ase, the tagging algorithms does not have tomake a deision, while in the latter ase the maxCLL algorithm makes a non-trivialdeision. The funtional form of the two D vs: CLL urves is idential, but they havedi�erent �nal parameters, as visible in Figure 6.7. The details of the parameteriza-tions, and the values of the parameters used, are presented in Setion C.3.The partile-identi�ation{based same-side avor tagging algorithm was utilizedin the analysis of B0s � B0s osillations presented in Referene [17℄. The performane122
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been onsidered. Finally, an Adaptive Neural Network (ANN) was hosen to performthe ombination. A brief summary of the priniple of an ANN is presented in thenext paragraph. The performane of the ANN-based tagger is only slightly superiorto the partile-identi�ation{only one. Nonetheless, the improvement with respet tothe previous tagging algorithm is statistially signi�ant beause measured utilizingexatly the same events and the same tagging traks. The omparison of the taggingperformane of these two algorithms in a B0s ! D�s �+; D�s ! �0�� data sample, ispresented at the end of this hapter, in Table 6.8.Neural Networks (NN) provide an algorithm for information proessing whihmimis biologial neural systems. The physial quantities that are used by the ANN todisriminate signal from bakground are passed to the network through input nodes.These piees of information are passed to the nodes whih ompose the hidden layersof the NN. The nodes in the hidden layers represent the neurons of the network, andare onneted to the output node(s). Eah of the j-th nodes in a hidden layer reeivesa set of inputs xij, and alulates the weighed sum yj:yj =Xi wijxij + j ; (6.6.1)where wij are the weights assigned to the i-th quantity entering the j-th node and j isa bias haraterizing the node, and independent of the input variables. The responseof these internal nodes are modeled by an ativation funtion, whih is typiallyhosen to be a sigmoid funtion g(y):g(y) = 11 + e�y : (6.6.2)Similarly, eah of the output nodes �nally returns a value o obtained as follows:o = g �X fjg(yj)� ; (6.6.3)where fj represents the weight applied to the output of the j-th node in the hiddenlayers onneted to the output node. In the ase of the ANN utilized by the same-side tagging algorithm presented in this setion, the output node is unique, andreturns a number between zero and unity. The training of a NN onsists in theseletion of the weights wij, j, and fj for the internal and output nodes. The methodadopted to train the ANN used in this analysis for same-side tagging is the bakpropagation method [107℄. Neural Networks provide a oneptual advantage overa likelihood ratio, an example of whih is in Equation 6.5.3, to disriminate signalfrom bakground. When more than one input variable are utilized, neural networksare able to exploit orrelations between inputs by adjusting their weights, whereaslikelihood ratios annot beause they are just built from the produt of the individualprobability density funtions of the input variables.The ANN input is onstituted by CLL, the piee of information regarding partileidenti�ation (Equation 6.5.3), and various kinemati quantities whih have beenintrodued in Setion 6.4: pT , prelT , prelL , and �R. Experiene with the CLL-based125



tagger suggests the addition to the list of input variables a boolean value whih is truewhen all the tag andidates have the same harge. The ANN is trained to selet kaonswith the orret harge orrelation with the avor of the B0s andidate. The Pythia-MC sample whih ontains B0s ! D�s �+; D�s ! �0��, and harge-onjugate, deaysis utilized for the training. The network maximizes its output on the tag andidateswhih are kaons with the orret harge orrelation. In the ase of a B0s andidate,positively harged kaons reeive a high network output. The subsample ontainingtag andidates whih are pions, protons or kaons with opposite harge orrelationrepresents bakground. The network is trained to minimize its output on these typeof traks. The distribution of the ANN output in signal and bakground andidatesis shown in Figure 6.8. In the same �gure, the plot of purity versus eÆieny of theANN and the distribution of orrelations among the input variables listed above areshown.The data{MC-simulation omparison of the kinemati harateristis that arediretly utilized by the ANN-based tagging algorithm is presented in Figures 6.10and 6.11. The omparisons are performed on the set of traks whih satisfy therequirements for being a tag andidate, and Pythia-MC truth information is ex-ploited to separate the ontribution of pions, kaons and protons. These omponentsare separately shown to appreiate their di�erent ontribution to the total sample.By applying the ut CLL > 1, where CLL is the quantity de�ned in Equation 6.5.3whih ontains the partile-identi�ation information, it is possible to isolate a samplethat the MC simulation shows to be highly enrihed in kaons.The omparisons of events in data and in MC simulation provide the on�denethat the training of the ANN obtained with MC events is optimal for data, too. Theplots presented there show the data{Pythia-MC agreement of transverse momen-tum pT , �R, longitudinal and transverse momentum of the tag andidate, prelT andprelL (graphially de�ned in Figure 6.3), relative to the B andidate, in the ompletesample, and after the CLL > 1 ut.The deision of the tagging algorithm is the harge of the tag andidate whihmaximizes the output of the ANN trained as desribed in the previous paragraph.The dilution is parameterized as a funtion of this ANN output. Similar to the CLLtag ase, the parameterization is di�erent in the two ases de�ned by the harge-agreement among the tag andidates, as shown in Figure 6.9.The ANN-based same-side tagging algorithm is the algorithm utilized in the anal-ysis presented in this doument. The next setions will desribe the alibration of thistagger and the study of systemati unertainties on the alibration sale fator SD.The presentation of the performane of this same-side tagging algorithm is postponedto Setion 6.10.6.7 Calibration of the Same-Side TaggerIt is important to stress that the orret alibration of a tagger is neessary when alimit on �ms is sought, and when the tagger is used together with other taggers, asstated in Setion 6.1. 126
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Figure 6.11: Data{Pythia-MC omparison of tag andidate variables with CLLut. From left to right, and top to bottom, are plotted the distributions for: angularseparation �R(B; trk), longitudinal and transverse momentum prelT and prelL relativeto the B andidate and transverse momentum of tagging trak andidates. The labelPID indiates CLL, de�ned in Equation 6.5.3. The ut CLL > 1 enrihes the samplein kaons, as learly shown by the separation of the Pythia-MC sample by partilespeies.is readily known without unertainty.For the alibration of avor taggers applied to B0 andidates, B0 data is alsodiretly usable. In this ase, the reason is that the CDF data samples are sensitiveenough to measure the osillation frequeny �md, a preise measurement of whih isindependently known [7℄. It is thus possible to perform, at the same time, a �t for�md and for the sale fator SD of a tagger, and the value of �md resulting from the�t an be ompared to its world average. The �t utilizes Equation 6.1.2, with thesubstitution of �ms with �md.It is also notable that a same-side kaon tagger is expeted to perform well on aB+ sample. In fat, Figure 6.1 shows that the orrelation between the avor of the129



B+ meson and the harge of the same-side kaon is the same as with same-side pions,whih are the next losest partiles that the tagging algorithm may selet. In the aseof B0 meson, the orrelation between the harge of the same-side kaon and the avorof the B0 andidate is ontrary to the orrelation between the harge of the same-sidepion and the avor of the B0 andidate. Same-side kaon taggers are thus expeted toperform better on B+ samples than on B0 samples (additional information is providedin Appendix B).In the ase of the analysis of B0s osillations presented in this doument, instead,same-side taggers have to be alibrated beforehand beause, in ase a measurementof �ms would not be possible, a limit would be set. Besides, other avor taggingalgorithms are utilized in this analysis (Setion 5.3), whih requires eah of them tobe alibrated to provide a orret ombination. It is thus not orret to �t diretlyfor �ms beause it is not even known a priori if data ontain enough information tobe sensitive to that quantity.The alibration of the SST for B0s is performed on a MC sample whih reproduesthe fragmentation proess in whih the B0s is generated. Chapter 4 is dediated to thedemonstration that the MC simulation aurately desribes the properties of B0s eventswhih are of interest for this analysis. In the simulation the produed B0s does not mixbefore deaying. The avor at prodution is thus, by onstrution, idential to theavor at deay, whih is indiated without error by the harge of the deay produts,beause the reonstruted �nal states are self-tagging. The alibration onsists, asantiipated in Setion 6.1, in the simultaneous �t of mass and proper deay-time ofthe reonstruted B0s andidates in the three subsamples whih ontains B0s andidateswhih mixed (i.e., the avor tagger indiates a prodution avor di�erent from theavor as at deay), did not mix, or were not tagged. The following equations areutilized: Punmixed(t) / [1 + SDD℄ ; (6.7.1)Pmixed(t) / [1� SDD℄ : (6.7.2)These formulae derive from Equation 6.1.2. The osillation frequeny is equal to zeroby onstrution (B0s andidates in the MC simulation do not osillate), and SD is afree parameter in the �t.The distributions of the ANN input variables in data and of the main hara-teristis of B0s andidates and B0s events have been thoroughly ompared with theorresponding distributions obtained in simulated events, as shown in the plots inSetion 4.4.The most important ross-hek of the validity of the proedure is the hek thatthe results obtained in MC samples and in data are onsistent, when using various B0and B+ deay modes, where the SST sale fators an be measured diretly in dataand alulated utilizing MC events. This ross-hek has been performed utilizing thepartile-identi�ation{based algorithm for same-side avor tagging desribed in Se-tion 6.5. Due to tehnial reasons, suh omprehensive study ould not be performedfor the ANN-based SST algorithm. However, the level of agreement between distribu-tions in data and MC simulation reahed provides the on�dene that the onlusions130
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sale fator �tted in the reweighed, or modi�ed, MC sample. The disrepany pro-vides an estimate of the systemati unertainty assoiate with the e�et simulatedby the reweighing, or modi�ation. For some of the soures of systemati uner-tainties, it has been hosen to diretly utilize the unertainty on the sale fator ofthe maxCLL algorithm as an estimate of the unertainty on the sale fator of theANN-based algorithm. These soures are the b-prodution mehanism, the hoie ofa fragmentation funtion, the possibility of multiple p�p interations in the same eventreord, and partile-identi�ation.A summary of the studies performed, with an estimate of the total systematiunertainty, is presented in the last setion. The systemati unertainty assoiatedwith eah of the e�ets analyzed is indiated by �SD in the tables at the end of thissetion.6.8.1 b-prodution mehanismThree di�erent proesses ontribute to the prodution of b�b pairs [76℄: avor reation(FC, � 25%), avor exitation (FE, � 55%) and gluon splitting (GS, � 20%).The urrent unertainty in the frations of these proesses is large enough to havesome inuene in avor tagging based on MC simulation. A way of estimating theunertainty assoiated with the prodution frations is to onstrain the frations fromthe data of this analysis, and then to see how muh the MC results are a�eted byvariations within the ranges permitted by the data.The most disriminating variable for these proesses is the angular di�erene ��between the signal and opposite-side B diretion. While avor reation and avorexitation mainly produe B mesons bak-to-bak, B mesons from gluon splittingproesses are more often direted in the same diretion. In the ontext of same-sidetagging, opposite-side B daughters and fragmentation traks are more likely to disturbthe tagger for gluon splitting events than for the two other proesses. By �tting�� distributions from simulation for the di�erent proesses to the �� distributionin data the following ranges for the systemati variations have been determined:gluon splitting fration within [�68%;+46%℄, avor exitation and reation within[�50%;+50%℄ relative to their nominal appearane.Several senarios of the �t of the prodution mehanisms have been onsidered.The �ts su�er from the limited statistis available, and no preise statement aboutthe GS fration in data ould be made. Among the onsidered senarios, two extremeases are utilized to evaluate systemati e�ets. The two ases orresponds to �xingthe ratio between FE and FC ratios to 1:1.5 and 1:0.5 relative to the nominal values inMC simulation. With these presriptions, the �t results are FC = 0:75� 0:06, FE =FC�1:5, GS = 1:37�0:09 and FC = 1:13�0:08, FE = FC�0:5, GS = 0:81�0:13. Thesystemati unertainty is estimated by alulating the maxCLL SST sale fator inthe senarios labeled \GS1", with FC = 0:75�0:06, FE = FC�1:5, GS = 1:37+0:09,and \GS2", with FC = 1:13 + 0:08, FE = FC�0:5, GS = 0:81 � 0:13, in Table 6.3.The di�erene between the results in these two senarios and the alulated salefator in the default on�guration provides an estimate of the systemati unertaintyassoiated with the unertainty on the relative frations of the ontributions of FC,132



FE, and GS to the prodution of b quarks.6.8.2 Fragmentation proessThe Lund string fragmentation model provided by the Pythia generator is utilizedto produe the default MC sample. The numerous systemati studies related to thefragmentation that have been performed are desribed in the following paragraphs.In Setion 4.3.5 it has been explained that both Peterson and Lund fragmentationfuntions have been utilized in the generation of the Pythia-MC sample used toalibrate the ANN-based SST, for strings with heavy and light quarks, respetively. Itis also relevant to remind that the use of the Peterson funtion, whereas Referene [93℄shows that a Lund funtion better desribes B data, is ditated by the preseneof a long tail in the low-z region whih haraterizes this fragmentation funtion.In the framework utilized for this analysis, the simulation of the use of di�erentfragmentation funtions is implemented by reweighing the MC events in the produedsample. The tail in the Peterson fragmentation funtion allows for the reweighing ofthe produed MC sample with weights lose to unity, and thus minimizing the e�etof statistial utuations.The allowed parameter spae for the parameters of the symmetri Lund funtionwhih has been adopted to desribe the fragmentation proess has been determinedfrom a simultaneous �t to several distributions in data and MC simulation whihare sensitive to the fragmentation funtion, suh as trak multipliity, transversemomentum of the B and of the fragmentation traks. The data and MC samples ofB0 ! J= K�0; J= ! �+��; K�0 ! K+��, B+ ! J= K+; J= ! �+��, and B0s !J= �0; J= ! �+��; �0 ! K+K� were utilized for this study, in Referene [108℄.Three alternative sets of parameters for a symmetri Lund funtion have been hosento evaluate systemati unertainties. As an additional ross hek, three variationsaording to a Peterson funtion have been utilized, although not inluded in theomputation of the �nal systemati unertainty. The fragmentation funtions whihwere utilized are shown in Figure 6.13. The systemati unertainty on the sale fatorSD assoiated with the hoie of a partiular fragmentation funtion is alulatedutilizing the maxCLL algorithm for same-side tagging. This unertainty is indiatedby the labels \Peterson" and \Lund", followed by the value of the parameters utilizedfor these funtions, in Table 6.3.The fragmentation proess determines the formation of hadrons out of the string.It thus essentially e�ets the trak multipliity around the B meson, the B momentumand the momenta of the fragmentation traks.In order to perform systemati variations of the SST sale fator, the MC eventshave been reweighed aording to modi�ations of some harateristi distributionswith one entry per (tagged) event. The following distributions have been hosen:� transverse momentum of the B andidate;� number of tagging trak andidates;� �R(B; trk of the seleted tagging trak (Equation 6.3.1);133
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6.8.3 Partile-ontent around the B mesonThe partile speies produed around the B0s meson give us some insight into thefragmentation proess. A measurement of the speies of stable harged partilesaround B mesons has been performed in a high statistis sample of semileptoni Bdeays [99℄.The fration of kaons produed around B0s mesons and seleted as tagging traksis found to be somewhat di�erent between data and MC simulation, 20:2� 1:4% and23:6 � 0:2%, respetively. The variation of SD, whih is alulated using MC, thatan be aused by having a di�erent fration of kaons around B0s andidates in theMC simulation with respet to the one observed in data, is evaluated by studyingthe e�et of reduing the kaon fration to 19:5% in the MC sample. This new valuefor the kaon fration represents a �1� variation from the measured fration in data.The orresponding weight applied to kaon-tagger MC andidates, wK, is alulated135



as follows:wK = f dataK � � � �datafKfMCK = 20:2� 0:475 � 1:423:6 = 0:828 ;(6.8.1)wp = 1 + fMCK � (f dataK � � � �datafK )f datap = 1 + 23:6� (20:2� 0:475 � 1:4)4:2 = 1:960 ;(6.8.2)where the fator � de�nes the 1� single-sided region in the kaon fration. The weightfor proton-tagged events, wp, has been hosen to ompensate for the drop in the kaonfration, while pion-tagged events are left untouhed. In the formula above, fK and fprepresent the fration of kaon-tagged and proton-tagged B0s andidates, as measuredin data and in MC events, while �fK is the unertainty on the measurement of thefration of kaon-tagged events in data.Two di�erent senarios have been onsidered, and modi�ations to the sale fatorof the ANN-based tagging algorithm evaluated. Firstly, all events with a kaon astagging trak have been reweighed, thus bringing the total kaon fration in MC eventsto math the one in data, and the performane of the tagger measured in the weighedMC sample. This approah assumes that the de�it in kaons whih is indiated bythe measurement in data is equally distributed among all kaons, independently if theyare potentially good or bad tagging traks.The seond senario represents an extreme ase: only andidates tagged by kaonsoriginating from the string ontaining the b quark are randomly removed until thetotal kaon fration is redued to math wK in Equation 6.8.2. These kaons arry, onaverage, more tagging power (i.e., higher dilution), and thus this senario representsthe worst possible ase. Half of the deviation in SD alulated in this senario hasbeen added in quadrature to the total systemati unertainty.In addition to studying the stable harged partiles, the rate of kaons from res-onanes and vetor partiles suh as �0, K0s and K�0 has been heked. The massdistributions of the above resonanes produed using the Pythia-MC sample areompared to the ones obtained with the high statistis B0s ! D�s `+X sample (Fig-ure 6.15), in order to get an estimate of possible disagreements in the rates of kaonsfrom suh resonanes between data and MC simulation. The statistial preisionis not suÆient to make a preise statement. Therefore, the fration of MC eventswhere the atual tagging trak originates from a �0, a K0s, or a K�0 has been variedby a fator of 2 lower and higher than nominal. The largest negative and positivedeviations in the sale fator of the ANN-based same-side tagger obtained in thesetests have been assigned as an additional systemati unertainty.These ontribution to the total systemati unertainty are indiated as \kaon fra-tion", \prompt kaon fration", and \resonane/V0 ontent" in Table 6.5, respetively,and represent the largest part of the total systemati unertainty. The ontributionto the systemati unertainty labeled with \prompt kaon fration" in Table 6.5 isalready orreted by a fator 0.5, as indiated in the desription of this study.136
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Period L Threshold Default Low High0d 25 � 1030 m�2s�1 0:22% 0:18% 0:48%0h 35 � 1030 m�2s�1 0:65% 0:5% 1:2%0i 35 � 1030 m�2s�1 0:72% 0:5% 1:1%Table 6.1: Frations of events with an additional tag andidate from pile-up eventsused for systemati unertainties. The threshold separates the events whih areounted in the high-luminosity and low-luminosity senarios. \Default" indiatesthe fration determined in the tuning proedure of the MC simulation.�nally ompared to a MC simulation with the default rate. Disrepanies between thealulated values provide an estimate of a possible dependene of the SST sale fatoron luminosity. As hard uts on the impat parameter signi�ane and the �z0(B; trk)are applied, the e�et of multiple interations on the sale fator is relatively small.The unertainty estimated for the partile-identi�ation{based algorithm has beenutilized as an estimate of the unertainty on the ANN-based algorithm for same-sidetagging too.6.8.5 Simulation of partile identi�ationBoth tight and dE=dx measurements play a major role in this analysis. Therefore a�ne tuning of the simulation was needed to ensure that the MC samples reproduethe data well, whih was desribed in Setion 4.3.4.The evaluation of the systemati unertainty related to partile identi�ation hasbeen performed by modifying the distributions whih are utilized to simulate parti-le identi�ation in MC events. Three soures of systemati unertainty have beenidenti�ed.The �rst soure of systemati unertainty omes from the partiular hoie of aparameterization of the TOF resolution funtion. The systemati unertainty assoi-ated with preferring one parameterization funtion over another one is investigated byutilizing a seond parameterization. Two di�erent TOF resolution parameterizationswere developed. The parameterization whih has been seleted as default methodis desribed in Referene [99℄, while the other one is desribed in Referene [109℄.The main di�erene between the two methods is that the prinipal motivation forthe tehnique developed in the latter referene is separating pions and kaons on atrak-by-trak basis, and the parameterization for the TOF resolution whih is de-rived assumes pT -independene of the TOF resolution funtion. The parameterizationwhih is here utilized as default method, instead, was developed for the study of thespeies of harged partiles produed in assoiation with B mesons in ranges of trakpT . This required to fous on obtaining the orret statistial separation betweenpartile speies, whih is attainable by simulating the tails in the TOF resolutionfuntion orretly. Moreover, a pT -dependent resolution funtion allowed for the re-moval of systemati e�ets that would appear if all the pT ranges investigated weretreated uniformly. As systemati study, the �rst method is utilized to reonstrut theidentity of partiles, but the TOF response is simulated using the seond method.138



A seond soure of systemati unertainty, whih is still related with TOF, is dueto the unertainty on the eÆieny funtion versus trak pT that desribes the ratiobetween the data and the simulation. The eÆieny ratio has been varied by �8%for MC events whih simulate 0d data, and �10% for MC events simulating 0h and0i data, as shown in Figure 4.3.The systemati unertainties on the dE=dx measurement is estimated followingthe suggestions given by Referene [110℄. While using the default distributions of Z,whih is de�ned in Equation 4.3.8, to assess the identity of a partile, the distribu-tions utilized in the simulation have been hanged by varying their mean within therange [�0:007;+0:002℄ (0d MC events), or [�0:002;+0:004℄ (0h and 0i MC events),and inreasing their width by 3%. Finally, the number of COT hits with dE=dxinformation has been varied, in the simulation, by �5.Three di�erent senarios have been onsidered for 0d MC events, haraterizedby the variations of TOF eÆieny, parameterizations of TOF resolution, number ofCOT hits with dE=dx information and distribution of the Z variable desribed inthe previous paragraphs. The �rst two senarios are haraterized by a worsening ofthe performane of partile-identi�ation, while the third senario orresponds to anoptimisti ase. The presriptions for the three senarios are summarized below:A di�erent TOF p.d.f. used for simulation and reonstrution, �8% TOF eÆ-ieny, �5 COT dE=dx hits, �Z � 1:03 and hZi = �0:007;B di�erent TOF p.d.f. used for simulation and reonstrution, �8% TOF eÆ-ieny, �5 COT dE=dx hits, �Z � 1:03 and hZi = +0:002;C +8% TOF eÆieny, +5 COT dE=dx hits.The di�erenes between the sale fator SD of the partile-identi�ation{based taggeralulated in the MC sample with the default simulation of partile identi�ation andthe ones alulated with eah of the modi�ed senarios for the partile-identi�ationsimulation are reported in Table 6.3. The di�erenes orresponding to the threesenarios desribed in the list above are labeled tight+dE=dx A, B, and C, respetively.One additional e�et has to be taken into aount for the TOF simulation. It isalulated in the MC simulation that 1:5% of the traks in the TOF do not originatefrom the primary vertex, and thus their t0 (i.e., the prodution time) is not known.One systemati study is to simulate them as if they were kaons from the primaryinteration (OBSP K). The other systemati study is to simulate them as if theywere pions from the primary interation (OBSP �). The di�erene between thenominal SD and the ones alulated with the two above assumptions are indiated bythe labels OBSP K and OBSP � in Table 6.3.In the ase of 0h and 0i MC events, it has instead been suggested to separatethe variations in TOF and COT performane. Fourteen di�erent on�gurations havethus been de�ned:� optimisti partile-identi�ation: TOF resolution sale fator 1:05 (default 1:15)),+10% TOF eÆieny, +5 COT dE=dx hits, +1� dE=dx eÆieny;139



� onservative partile-identi�ation: TOF resolution sale fator 1:25 (default1:15)), �10% TOF eÆieny, �5 COT dE=dx hits, �1� dE=dx eÆieny;� hZi = �0:002;� hZi = +0:004;� �Z � 1:03 or 0:97 for pions with pT � 1 GeV=;� �Z � 1:03 or 0:97 for kaons with pT � 1 GeV=;� �Z � 1:03 or 0:97 for protons with pT � 1 GeV=;� shift in TOF o�set of �15 ps for kaons only;� shift in TOF o�set of �15 ps for protons only.The last four on�gurations, whih introdue a shift in the TOF o�set, are meant toover the additional e�et desribed in the previous paragraph. The systemati shiftsof the sale fator of the partile-identi�ation{based tagging algorithm are reportedin Table 6.4.6.8.6 B0 and B+ Data{MC agreementAs explained in Setion 6.7, it has been heked that the sale fators SD of thepartile-identi�ation{based same-side tagger, desribed in Setion 6.5, obtained fromPythia-MC and data samples of B0 and B+ mesons agree within their statistial andsystemati unertainties. However, this statement annot be made more preise thanthe unertainties on the data and MC sample. Therefore, the weighed mean of theunertainties from the B0 and B+ ontrol modes has been utilized as an estimate of thesystemati unertainty assoiated with a residual data{MC-simulation disagreementfor the SST sale fator applied to B0s deay modes. The following equation desribesthe evaluation of this omponent of the systemati unertainty of SD:ÆSD = Pi(Sdata;i � SMC;i) �wiPiwi ;wi = 1�2Sdata;i + �2SMC;i ;�ÆSD = 1pPiwi ; (6.8.3)where S is the SST sale fator and the index i runs on the four B0 and B+ reon-struted modes, whih are listed in Setion 6.7. The weighed mean of the unertaintiesÆSD and the \e�etive" variane �ÆSD are utilized as estimates of the unertainty as-soiated with residual data{MC-simulation disagreement. In the ase of data, �Sdata;irepresents the pure statistial unertainty. In the ase of MC simulation, �SMC;i isthe sum in quadrature of statistial and the other systemati unertainties, where140



algorithm [%℄ Æ �Æ Æ=�ÆD, max prelL -2.1 1.4 1.5D, maxCLL -0.7 1.6 0.4SD, max prelL -4.8 5.5 0.9SD, maxCLL -7.6 4.7 1.6Table 6.2: Systemati unertainty from B+ and B0 data{MC simulation agreement.In the table, Æ represents either ÆD or ÆSD. This study addresses the possibilitythat disagreements between the SST sale fators measured in data and alulatedin the MC samples are overed by their statistial and systemati unertainties. Thesigni�anes of the disrepanies, indiated by Æ=�Æ, are onsistent with the variationsÆ being statistial utuations.positive systemati unertainty is taken when the sale fator in data is higher thanthe one from MC simulation, while the negative unertainty is taken when the salefator in data is lower.The formulae in Equation 6.8.3 have been used to estimate the residual data{MC-simulation disagreement for the sale fator and average dilution of the maxCLL SSTalgorithm. The average dilution of a same-side tagging algorithm is alulated in a MCsample and measured in B+ and B0 data utilizing Equation 6.1.1. As a ross-hek,the same alulation has been performed for the sale fator and average dilution ofthe the max prelL algorithm presented in Setion 6.4. The results of the omparison arepresented in Table 6.2. The signi�ane of the deviations, ÆSD(D)=�ÆSD(D), are be-tween 0:5 and 1:5, ompletely onsistent with a statistial utuation. Therefore, themaximum value between ÆSD and �ÆSD for the partile-identi�ation{based taggingalgorithm is hosen as estimate of the unertainty and added to both the negativeand positive total systemati unertainty of the ANN-based tagging algorithm.The omponent of the total systemati unertainty evaluated in this setion, whihis a rather important one, onservatively estimates the possibility that large statis-tial and systemati unertainties in the SST sale fators, as measured in data andalulated in the MC samples, over residual disagreements between the sale fatorsmeasured in data and alulated using MC simulated events. As suh, this systematiunertainty is expeted to derease when larger MC samples will be available.6.8.7 Total systemati unertaintyThe omplete list of the analyzed soures of systemati unertainties whih a�et thesale fator of the ANN-based same-side tagging algorithm applied to B0s samples isdetailed in Tables 6.3, 6.4, and 6.5. The �rst two tables ontain systemati uner-tainties whih were alulated adopting the partile-identi�ation{based same-sidetagging algorithm. These unertainties have been transferred, unmodi�ed, to theANN-based algorithm.The total systemati unertainty is indiated by �� in Table 6.6. It is alulatedby piking the largest positive and the largest negative deviations for eah e�et,and adding them in quadrature separately for positive and negative deviations. The141



Soure �SD [%℄GS1 �1:5GS2 +0:6Peterson (0.004) �3:1Peterson (0.006) +1:0Peterson (0.008) �0:5Lund (1,10) +0:5Lund (3,22) +1:8Lund (9,55) +4:4- pile-up +0:2+ pile-up �0:2tight+dE=dx A �4:0tight+dE=dx B �3:0tight+dE=dx C +3:6OBSP K �2:6OBSP � �0:3Table 6.3: Systemati unertainties �SD on the sale fator of the maxCLL algo-rithm for same-side tagging. These estimates are utilized, unmodi�ed, as unertain-ties on the sale fator of the ANN-based algorithm. The systemati unertaintiesassoiated with pile-up events and with the TOF and COT dE=dx simulation referto MC events whih simulate 0d data only. The details of the evaluation of thesesystemati unertainties are reported in Setions 6.8.1, 6.8.2, 6.8.4, and 6.8.5. All theunertainties are referred to the sale fator alulated in a Pythia-MC sample ofB0s ! D�s �+; D�s ! �0�� andidates.unique exeption is the systemati unertainty related with fragmentation funtions,where the variations of the Peterson funtion, whih were required as a ross-hek,are reported for referene only.The largest omponent of systemati unertainty is the one whih estimates thepossibility that a residual disagreement between sale fators measured in B0 and B+data and alulated in MC simulation is overed by their unertainties. As mentionedbefore, this omponent is expeted to derease if larger MC samples are utilized.Besides that, the dominant soure of systemati unertainties is the kaon frationaround B mesons, followed by the variation of the tagging related distributions withinthe statistial unertainties from data. All other systemati unertainties are smallompared to those two soures. Adding eah variation separately from the othersystemati unertainties is a very onservative approah.6.9 Transfer Between SamplesThe only di�erene between the performane of a SST on di�erent B0s deay modesis their di�erent momentum spetra due to di�erent trigger and reonstrution uts.The sale fator SD of the ANN-based same-side tagger has been alulated using a142



Soure �SD [%℄- pile-up +0:1+ pile-up �0:6optimisti partile-identi�ation +3.9onservative partile-identi�ation -4.1hZi = �0:002 < 0.1hZi = +0:004 < 0.1�Z � 1:03, kaons with pT � 1 GeV= < 0.1�Z � 0:97, kaons with pT � 1 GeV= -0.2�Z � 1:03, pions with pT � 1 GeV= -0.6�Z � 0:97, pions with pT � 1 GeV= +0.5�Z � 1:03, protons with pT � 1 GeV= < 0.1�Z � 0:97, protons with pT � 1 GeV= < 0.1TOF response +15 ps, protons +0.1TOF response �15 ps, protons < 0.1TOF response +15 ps, kaons < 0.1TOF response �15 ps, kaons -0.3Table 6.4: Systemati unertainties �SD in the 0h and 0i data samples on the salefator of the maxCLL algorithm for same-side tagging. These estimates are utilized,unmodi�ed, as unertainties on the sale fator of the ANN-based algorithm. Thetotal unertainty assoiated with partile identi�ation is +3:9�4:2, while the partile-identi�ation{related unertainty in the 0d data sample, from Table 6.3, is +3:6�4:0. Thedetails of the evaluation of these systemati unertainties are reported in Setions 6.8.4and 6.8.5. All the unertainties are referred to the sale fator alulated in a Pythia-MC sample of B0s ! D�s �+; D�s ! �0�� andidates.MC sample of B0s ! D�s �+; D�s ! �0�� andidates. It may thus be neessary toapply a orretion to this sale fator when the tagger is applied to a di�erent B0sdeay mode. In order to estimate the orretion fator to utilize when analyzing theadditional modes that will be used in this analysis, whih are listed in Setion 1.5, thepT (B) distribution of the B0s ! D�s �+; D�s ! �0�� MC sample utilized to alulatethe default value of SD has been reweighed to math the distribution observed indata from the additional modes. The alulated orretion fators are reported inTable 6.7.6.10 Final sale fatorsThe performane of a tagging algorithm is summarized by its eÆieny and dilution.Setion 6.7 desribed the alibration of andidate-by-andidate dilution of same-sidetagging algorithms, whih requires the use of a MC sample when the tagger is appliedto B0s andidates. The alibration onsists in the alulation of a sale fator for thedilution provided by the algorithm for avor tagging. The systemati unertaintieswhih a�et the value of this sale fator are analyzed in Setion 6.8. This �nal143



Soure �SD [%℄var. �N +0:3var. +N �0:7var. �pT (B) �0:3var. +pT (B) +0:4var. �prelL �0:3var. +prelL +0:1var. �CLL +1:6var. +CLL �0:3var. �pT +0:3var. +pT �0:1var. �prelT +0:6var. +prelT +0:2var. ��R �0:8var. +�R +0:2kaon fration �6:6prompt kaon fration �5:3resonane/V0 ontent +4:3�3:8Table 6.5: Systemati unertainties �SD on the sale fator of the ANN-based al-gorithm for same-side tagging. The details of the evaluation of these systemati un-ertainties are reported in Setions 6.8.2 and 6.8.3. All the unertainties are referredto the sale fator alulated in a Pythia-MC sample of B0s ! D�s �+; D�s ! �0��andidates.
Data sample �SD [%℄0d �� 10:7+� 14:30h �� 10:8+� 14:40i �� 10:8+� 14:4Table 6.6: Total systemati unertainty �SD on the sale fator of the ANN-basedalgorithm for same-side tagging. This unertainty is referred to the sale fator al-ulated in a Pythia-MC sample of B0s ! D�s �+; D�s ! �0�� andidates.
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Deay mode Corretion [%℄B0s ! D�s �+; D�s ! �0�� 0B0s ! D�s �+; D�s ! K�0K� +1.3B0s ! D�s �+; D�s ! ���+�� +1.1B0s ! D�s �+���+; D�s ! K�0K� +6.1B0s ! D�s �+���+; D�s ! �0�� +5.4B0s ! D�s �+���+; D�s ! ���+�� +0.0B0s ! D�s `+X +6.3Table 6.7: pT (B) transfer orretions for di�erent B0s deay modes.setion presents the value of the sale fators whih are utilized in the analysis of B0sosillations presented in this dissertation.The sale fators for the ANN-based SST algorithm alulated in a Pythia-MCsample of B0s ! D�s �+, D�s ! �0�� andidates, for the three di�erent periods ofdata-taking, with their total unertainties, are reported here:SD(0d; B0s ! D�s �+) = 99:2 +10:7�14:3% ;SD(0h; B0s ! D�s �+) = 95:9 +10:8�14:4% ;SD(0i; B0s ! D�s �+) = 95:0 +10:8�14:4% : (6.10.1)These sale fators are obtained as a result of the �t desribed in Setion 6.7. Theknowledge of the true avor of the B0s andidates in the MC sample allows one to �t forSD. These sale fators are used as an input to the �t for B0s�B0s osillations presentedin the last hapters of this doument. The small di�erene in the unertainty for the0h and 0i data samples, with respet to the 0d unertainty, is due to the di�erentontribution to the total systemati unertainty of partile identi�ation ( +3:9�4:2 vs.+3:6�4:0) and pile-up events ( +0:2�0:2 vs. +0:1�0:6).The e�etive dilution, alulated in a Pythia-MC sample of B0s ! D�s �+; D�s !�0�� is: SDphD2i = 30:2� 0:7% : (6.10.2)The quoted unertainty is statistial only. The �gure-of-merit for a tagger is �D2, asit will be learly shown in Setion 5.1. The �gure-of-merit of the ANN-based SSTalgorithm presented in Setion 6.6 is reported in Tables 6.8. EÆieny is evaluatedon data only, while the the sale fator SD is alulated in simulated events. Themeasured performane of the ANN-based SST algorithm is presented separately inthe three periods of data-taking 0d, 0h, and 0i.The MC sample utilized to train the ANN whih performs avor-tagging is tunedto simulate the 0d period of data-taking. The same improvement over the partile-identi�ation{based SST algorithm (Setion 6.5) is observed in the 0i period of data-taking, while the redued performane in 0h data is expeted to be due to a statistialutuation.This hapter presented, in Setion 6.6, the same-side algorithm utilized in this anal-145



[%℄ maxCLL algorithm ANN-based algorithm0d �S2DhD2i 3.9 � 0.7 4.2 � 0.70h �S2DhD2i 3.1 � 0.5 2.9 � 0.50i �S2DhD2i 3.3 � 0.7 3.5 � 0.7Table 6.8: Performane of partile-identi�ation and ANN Same-Side Taggers. Ef-�ieny � and average dilutionphD2i are measured in the B0s ! D�s �+; D�s ! �0��data sample utilized in this mixing analysis. The sale fator SD is alulated byapplying the SST algorithm in a Pythia-MC sample of B0s ! D�s �+; D�s ! �0��andidates. The numbers in the table are orrelated beause the two algorithms areapplied to the same data samples. A seond soure of orrelation is the use of thesame Pythia-MC sample utilized to alulate the sale fators for the two algo-rithms. Thirdly, part of the systemati unertainties estimated for the sale fatorof the partile-identi�ation{based algorithm have been assigned, unhanged, to thesale fator of the ANN-based algorithm.ysis of B0s �B0s osillations. The algorithm provides a andidate-by-andidate weightfor the orretness of its deision. The alibration of the tagging algorithm, a ruialaspet of mixing analyses whih may be in the situation of setting a lower limit for�ms, instead of making a measurement, onsists in alulating a sale fator for theweights returned by the tagger. The alulation of the SST sale fator to be usedin this analysis is presented, and the evaluation of systemati unertainties reported.The alulated sale fator is utilized as an input to the analysis for B0s � B0s osil-lations. The next hapter introdues the maximum likelihood �tter whih ombinesmass, proper deay-time, and tagging information. The �nal result of this analysis,the observation of B0s � B0s osillations and a preise measurement of �ms, is pre-sented, with its impliations on the Standard Model, and onstraints on parameterswhih desribe new physis beyond the SM.
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Chapter 7Analysis framework andobservation of B0s � B0s osillationsIn this hapter, the �t framework utilized for amplitude sans and the measurementof �ms are desribed in this hapter. The study of systemati unertainties on themeasured value of �ms and the impat of its measurement on the Standard Modelpiture of avor interations are presented, too.7.1 Maximum Likelihood frameworkA �tting framework based on the unbinned maximum likelihood estimation method1has been developed for this analysis, and used to extrat the parameters of interestfrom data. It allows for the straightforward ombination of various piees of informa-tion oming from di�erent deay modes and their simultaneous �t, maximizing thestatistial power of the samples. In its most generi formulation, the ontribution tothe global likelihood of a andidate i is written as follows:Li =Xj fj Pji (mi; ti; �ti;Di; Ti) ; (7.1.1)where the index j indiates the various signal and bakground omponents that arepresent in the samples, fj is the frations of the j-th omponent and Pji is the prob-ability that a andidate has mass mi, deay time ti, deay time unertainty �ti andpredited dilution Di, under the assumption that it belongs to the j-th omponent.By onstrution, Pj fj = 1. The global likelihood L is naturally de�ned as themultipliation of all the single-andidate likelihoods Li:L =Yi Li : (7.1.2)1The maximum likelihood estimation method is desribed in Ref. [111℄, among others147



The minimum of � logL indiates the best �t values for the parameters of the likeli-hood. For eah ontribution j, Pji is fatorized as:Pji (mi; ti; �ti ;Di; Ti) = Pjm(mi)Pjt(tij�ti;Di; Ti)Pj�t(�ti)PjD(Di) : (7.1.3)For bakground omponents of the data sample, empirial desriptions of the fatorsin Equation 7.1.3 are suÆient, while a physis model is used to desribe signalontributions. Eah omponent will be desribed in detail in the next paragraphs.The mass omponent is simply the probability density funtion for the mass ofeah andidate. It is ompletely separated from the rest of the likelihood and dependsexlusively on the reonstruted mass of the B0s andidate. For the semileptoni like-lihood, Pjm(mi) ontains terms for both the D�s andidate mass and the `D�s massdistribution. In the hadroni samples, fully reonstruted B0s ! D�s �+(���+) sig-nal andidates are modeled with a double Gaussian peak entered at the B0s mass.Combinatorial bakground, generally due to the pairing of a real D�s meson to ran-dom traks from the underlying event, is modeled as the sum of deaying exponentialand at linear omponents. Templates derived from BGenerator-MC events de-sribe other bakground omponents, suh as B0 or �0b ontributions. In the ase ofsemileptoni deays, signal andidates are �t with a Gaussian peak and ombinatorialbakground with a linear funtion in the D�s mass distribution, while the shape ofthe other bakground omponents is extrated from a study of simulated events. The`D�s mass distributions of all signal and bakground omponents are obtained fromthe study of BGenerator-MC events.Temporarily disregarding the avor tagging part, the proper-deay-time ompo-nent depends on t and �t. When a B0s andidate is ompletely reonstruted, it ispossible to write:Pt(t; �t; �) = � 1� e� t0� 
 G(t� t0; �t)� � �(t) : (7.1.4)The exponentially deaying funtion, whih desribes the probability that a partilewith lifetime � deays after t from the prodution time, is onvoluted with a Gaussianresolution funtion to aount for the unertainty on the measured proper deay-time.The alibration of the proper-deay-time resolution is disussed in Setion 5.2. Thelast term is an eÆieny funtion whih orrets for the bias in the proper-deay-timedistribution introdued by the displaed trak trigger and the andidate seletion, asshown in Referene [106℄. It depends only on the kinematis of the deay under studyand is de�ned as follows:�(t) = t after reonstrution and �nal seletionPNi=1 1� e�t0=� 
G(t� t0; �i) : (7.1.5)The distribution in the numerator is obtained from all the andidates in a signal-onlyMC sample whih pass all the analysis seletion uts. For eah aepted event i, theexpeted t distribution without any bias is an exponential smeared by a Gaussian res-olution funtion, where the width is the t error (�ti) of that event. The denominator148
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Figure 7.1: A representative example of the dependene of trigger and seletioneÆieny on proper deay time. This urve is for B0 ! D��+, with D� ! K+����.The vertial sale is in arbitrary units.is the sum of the N expeted distributions without any bias of the same events whihentered the distribution in the numerator. A di�erent eÆieny funtion is preparedfor eah B0s deay mode by utilizing a BGenerator-MC sample whih reproduesthe B0s deay hain of interest, as desribed in Setion 4.2. The parameter � repre-sents the world average of B0s lifetime measurements [62℄. The proper-deay-lengtheÆieny urve is parameterized by the following template:�(t) = 3Xj=1 �j (t� �j)2 e� tj �(t� �j) ; (7.1.6)where the parameters �i, �i, and i are obtained from the �t of the expression inEquation 7.1.5. This funtional form for the eÆieny funtion allows for the an-alytial normalization of the proper-deay-time signal probability density funtion.Figure 7.1 shows a representative example of the eÆieny dependene. The rapidturn-on of the eÆieny is due to minimum impat parameter and Lxy signi�anerequirements, while the turn-o� at larger proper deay length is due to an upper uton impat parameter of 1 mm in the triggers. The eÆieny funtion is de�ned as afuntion of the reonstruted proper deay-lengths beause it tries to orret for thee�et of seletion riteria whih are themselves applied to reonstruted observables.The ase of inompletely reonstruted B0s andidates is slightly more ompliatedand involves the introdution of the k-fator distribution F (k) (Setion 5.2):Pt(t�; �t�; �) = Z dk � k� e� kt�0� 
 G(t� � t�0 ; ��t)� � �(t�) � F (k) ; (7.1.7)where t� is the pseudo-proper deay-time, alulated as indiated in Equation 5.2.2.149



The de�nition of the eÆieny funtion is analogously modi�ed:�(t) = t after reonstrution and �nal seletionR dkPi k� e�kt0=� 
 G(t� t0; �i) � F (k) : (7.1.8)The integration over the k-fator distribution, F (k), aounts for the missing momen-tum in partially reonstruted deays. For fully reonstruted deays, whih have nomissing momentum, this is not neessary as F (k) = Æ(1).The omponent of the likelihood whih ontains avor tagging information islosely tied to the proper-deay-time omponent, beause they share some pieesof information. In the ase of signal andidates, the two omponents are atuallyindivisible, as indiated by Equation 5.1.2. Two independent tagging algorithms areavailable to the analysis. Eah event an be tagged by neither, one or both algorithms,thus distinguishing three lasses. The avor tagging and proper-deay-time likelihoodfators for tagger m, whih has a dilution Dm, eÆieny �m, and tagging deision Tm,are ombined as follows:� untagged:Z dk 1�Xm �m! e�k t0=� 
 G(k t0 � k t; �t) � F (k) � �(t) ; (7.1.9)� single tag:Z dk�m2 [1 +ATmDm os(�ms k t0)℄ e�k t0=� 
 G(k t0�k t; �t) �F (k) � �(t) ;(7.1.10)where Tm = �1 is the sign of a single (same-side or opposite-side) tag,� double tag:Z dk�m�n2 �(1 + TmT nDmDn) +A(TmDm + T nDn) os(�ms k t0)2 �e�k t0=� 
 G(k t0 � k t; �t) � F (k) � �(t) ; (7.1.11)where Tm = �1 and T n = �1 are the signs of the two tags.The ombination of deisions and dilutions in the double tagged ase expliitly a-ounts for whether the two tags agree or disagree [98℄. For eah andidate i andtagger m, the alibrated dilution Dim whih enters the above equations is obtainedby multiplying the andidate-by-andidate predited dilution returned by the taggingalgorithm m by the global sale fator SmD alulated in the alibration of the tagger,as explained in Setion 6.1.In the ase of bakgrounds whih are treated as non-mixing, a potential globaltagging asymmetry is allowed. This is the ase of ombinatorial bakground, partiallyreonstruted B0s deays (exluding the signal modes D�s �+ and D��s �+, with D�s !150



�0��), mis-reonstruted �0b deays, and mis-reonstruted B0 deays, whih do mixin a muh longer time-sale than B0s mesons. The e�et of B0 mixing is inluded bysaling the dilution of the andidates in this bakground omponent by 1�2�d, where�d = 0:186�0:004 [62℄ is the measured time-integrated probability for a B0 meson toosillate into a B0 meson, e�etively integrating B0 osillations. The avor taggingterm is simpler than in the previous ase and separates ompletely from the proper-deay-time omponent. For the sake of onsisteny with the desription adopted forsignal, the ombination of the two fators is implemented:� untagged:  1�Xm �m!Pt(t) ; (7.1.12)� single tag: �m2 [1 + TmDm℄Pt(t) ; (7.1.13)� double tag: �m�n2 �(1 + TmDm)(1 + T nDn)2 �Pt(t) ; (7.1.14)where Pt represents the proper-deay-time omponent, whih, in the ase of bak-grounds, is a template derived from simulated events, or, for ombinatorial bak-ground, andidates in the sidebands of the B0s (D�s ) mass distributions of hadroni(semileptoni) B0s deays.The last two omponents of the single-event likelihood in Equation 7.1.3, P�t(�t)and PD(D), are simply the probability distribution funtions of proper-deay-timeresolution and andidate-by-andidate dilution. It is neessary to expliitly inludethese terms when the distributions of �t and D in signal and bakground are di�erent,beause their exlusion ould lead to biases for the �tted values of the likelihood pa-rameters [112℄. The distributions of �t and D in B0s andidates reonstruted in dataare utilized. The templates for signal omponents are obtained with the sideband-subtration tehnique de�ned in Setion 4.4, while andidates in the mass sidebandsare used to produe the templates for the ombinatorial bakground omponent. The�t and same-side-tagger D templates for signal B0s andidates and ombinatorialbakground in the B0s ! D�s �+; D�s ! �0�� deay mode are presented in Figure 7.2.7.2 Systemati unertaintiesSystemati unertainties di�erently a�et the signi�ane of an osillation signal,obtained via the amplitude san, and a measurement of the osillation frequeny �ms.The e�et of unertainties in the amplitude is always a redution of the sensitivity,and, in ase it is not possible to measure �ms, likewise on the limit on the osillationfrequeny. Systemati unertainties on �ms are evaluated when a measurement isperformed. 151
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Figure 7.2: SST dilution (left) and �t (right) templates, for B0s signal and ombi-natorial bakground in the B0s ! D�s �+; D�s ! �0�� deay mode.It should be noted that both the amplitude san in the �ms region of sensitivityrelevant for this analysis, and the �t for the mixing frequeny are dominated bystatistial unertainty.7.2.1 Systemati unertainties on the amplitudeSystemati unertainties are evaluated following the original formulation of the am-plitude method in Referene [94℄. Toy MC samples, whih are generated reetingthe harateristi of the data, are extensively utilized to estimate systemati e�ets.For eah point in the �ms spetrum of the amplitude A (Setion 5.1), a set of onethousand \default" toy experiments is generated with the signal osillating at thatfrequeny. The �t of eah of these experiments produes a (A0; �A;0) pair. For eahsystemati e�et, unless di�erently spei�ed, \biased" toy MC samples whih simulatethe potentially mis-modeled aspet the data are generated from the same sequene ofrandom numbers whih was utilized to generate the elements of the default set. The�ts of the biased experiments produe the set of (A1; �A;1) pairs. For a given pair oftoy MC samples, omposed of a default experiment \0" and a biased experiment \1",whih are both generated with the same sequene of random number i, the systematiunertainty is obtained by [94℄:�isyst = (Ai1 �Ai0) + (1�Ai0) � �iA;1 � �iA;0�iA;0 : (7.2.1)The distribution of �isyst provides the estimate for the systemati unertainty �syst.In ase of a binary e�et, i.e., the e�et is represented by a binary shift in �ttingmodels, the mean value of the �isyst distribution is taken as systemati unertainty.An example of this type of e�et is the possibility that a potentially large value of��=�, the widths of the two mass-lifetime eigenstates in the neutral Bs meson system,152



ould bias the results of an amplitude san. In fat, the expressions in Equation 5.1.2,whih are the basis of the probability density funtions utilized to de�ne our likelihoodfuntion, are valid under the assumption that ��=� is negligibly small, as explainedin Setion 1.2. The possibility of a bias deriving from negleting a possibly large valueof ��=� is studied by omparing �t results in toy MC samples with ��=� equal to0:2 (\biased" sample) and 0:0 (\default").For e�ets in whih a �t parameter or e�et is ontinuously varied aross a rangeof values, the width of the �isyst distribution is utilized as the estimate of a systematiunertainty. For example, toy experiments are generated with a SST SD extratedfrom a Gaussian distribution whih is entered in the nominal value of the SSTsale fator and has width equal to the statistial unertainty of the sale fator(Equation 6.10.1). The �t of these samples performed by utilizing the nominal valueof the SST sale fator allows one to study the systemati unertainty related to theinomplete knowledge of the value of the same-side-tagger sale fator.The main soures of systemati unertainties whih a�et the measurement ofthe amplitude are reviewed in the list below, separated depending on the type oflikelihood term whih they a�et, and ordered, within eah lass, aording to theirontribution to the total unertainty.� Flavor taggingSystemati unertainties related to avor tagging ontribute uniformly to thetotal unertainty aross the entire �ms spetrum. The dominant ontributionomes from the sale fator of the same-side-kaon tagger, whih is determinedwith a 14% preision (Equation 6.10.1). The size of this ontribution is an un-ertainty of � 10% on the amplitude for any value of �ms in the range hosenfor amplitude sans. On the other hand, the sale fator of the opposite-sidetagger is known with a very good preision: SD(OST ) = 0:99� 0:01 [102℄. ToyMC samples are generated with sale fators extrated from Gaussian distri-butions, eah of whih is entered in the nominal value of a sale fator andhas width equal to the statistial unertainty of the sale fator whih is beinganalyzed. These samples are then �t with the nominal sale fators. The tagdeisions are ombined under the assumption that they are unorrelated. Thebias that would result from a orrelation is estimated by introduing a orrela-tion between OST and SST at various levels. The e�et of the possible preseneof orrelations between same-side and opposite-side taggers is an unertainty ofabout 8% on the amplitude for �ms = 15 ps�1.A few additional studies have been performed for the hadroni data sample.The probability distributions for the dilution whih are used in the �t modelfor the signal and bakground (P(D)) are known with �nite statistial prei-sion. Toy MC samples are generated with variations of the distributions withintheir statistial unertainties and �t with the nominal set of distributions for thesignal and bakground omponents. While the B0s ! D�s �+(���+) deay is self-tagging, the Cabibbo-suppressed B0s ! D�s K+(���+) and B0s ! D+s K�(���+)deays both reeive ontributions from tree-level amplitudes with the same order153



of magnitude, in terms of CKM parameters. The nominal model has the dilu-tion of the Cabibbo-suppressed omponent equal to the Cabibbo-favored oun-terpart. Two toy MC samples are produed varying the dilution of the Cabibbo-suppressed omponent by �100%, to mimi the possibility that a D�s K+(���+)�nal state tags, or does not tag, the deay of a B0s meson. Eah ensemble is�tted with the nominal model and the larger variation between +100% and�100% is taken as the systemati unertainty estimate. The same method isutilized to study the e�et of assigning wrong dilutions to the andidates whihenter the �0b omponent. Among the e�ets desribed in this paragraph, thelargest ontribution to the systemati unertainty on the amplitude omes fromthe possible mis-modeling of the dilution of Cabibbo-suppressed B0s deays. Thesize of the ontribution of this e�et is a � 4% unertainty on the amplitudefor �ms = 15 ps�1.� proper deay-timeThe most signi�ant systemati unertainty derives from the global sale fatorassigned to proper-deay-time unertainties. This systemati unertainty, whihinreases steeply with the sampled �ms, has been evaluated by generating toyexperiments with a sale fator on �t alulated by adding (or subtrating) the1� unertainty obtained by the alibration of �t to the nominal value of thesale fator. This modi�ation of the sale fator simulates systemati over-or under-estimations of the unertainty on proper deay-time of the B0s signal.The size of this ontribution to the total systemati unertainty is about 5% for�ms = 15 ps�1, and inreases with �ms.The �t does not inlude the e�et of a lifetime di�erene between Bs;H and Bs;L,the eigenstates of the Hamiltonian, with widths �H and �L. The formulae inEquations 1.2.9 and 1.2.8 assume a negligible value of �� = �L��H . The possi-bility that a potentially large value of ��=� introdued a bias in the amplitudehas been studied by generating a set of toy experiments with ��=� = 0:2. The-oretial alulations indiate ��=� = 0:12� 0:06 [113℄, while the world averageis ��=� = 0:121 +0:083�0:090 [7℄. The size of the systemati unertainty assoiatedwith negleting the e�ets of a potentially large value of ��=� is about 5% for�ms = 15 ps�1.Another systemati unertainty derives from the inomplete desription of thedetetor resolution in the �tter framework. The nominal �t assumes that thedetetor resolution funtion is a Gaussian for the B0s signal. An alternativemodel, a double Gaussian plus exponential tails, is used to evaluate the uner-tainty. The systemati unertainty assoiated with the use of a single Gaussianto model the detetor resolution is about 4% for �ms = 15 ps�1.The proper-time eÆieny urves �(t) are of primary importane when perform-ing a lifetime analysis. The mixing of B0s andidates ours on suh a short timesale that the mixing analysis is largely insensitive to the eÆieny parameteri-zation. Negligible biases are found to be introdued by this aspet of the model.The systemati unertainty is evaluated by �tting the same toy MC sample with154



the default eÆieny funtion �(t), de�ned by Equation 7.1.5, and with a mod-i�ed eÆieny funtion �0(t), obtained by hanging � , the world average of theB0s lifetime, in Equation 7.1.5, within its unertainty, and aordingly reweigh-ing the BGenerator-MC sample used to alulate the eÆieny funtion tosimulate the modi�ed lifetime. The values utilized for the B0s lifetime and itsunertainty are �(B0s) = 438 �m and �� (B0s) = 17 �m [62℄. The size of thisontribution to the systemati unertainty is � 1% for �ms = 15 ps�1.The likelihood for the hadroni sample does not utilize separate P�t for signaland bakground, beause the signal and bakground �t distributions are verysimilar. This means that small biases may be introdued, whih are estimatedby �tting the standard toy MC sample with versions of the model whih eitherdo or do not inlude the P(�t) terms. The size of this ontribution to thesystemati unertainty is � 1% for �ms = 15 ps�1.The default �t model assumes that the ontributions of B0 and partially reon-struted andidates do not osillate. Toy MC samples are generated suh thatthese omponents do mix. These samples are �t with the nominal version of the�tter, and with a version of the �tter whih aounts for the osillation. Thedi�erene between the results of the two �ts is taken as estimate of the biasintrodued by negleting the mixing. This e�et gives a negligible ontributionto the total systemati unertainty on the amplitude.In the analysis of partially reonstruted hadroni deays, an additional possiblesoure of bias is studied. It is known that the distribution of proper deay-time for ombinatorial bakground has a slow dependene on the mass. Thisdependene is due to the use of the world average of B0s mass measurementsin Equation 5.2.1 for andidates whih populate the sideband region far fromthe signal region. The nominal �t utilizes a single template for the bakgroundaross the full mass range, e�etively averaging over the small variations. Atoy MC sample is generated with a bakground t template obtained by usingthe reonstruted mass of the B0s andidates in the upper mass sideband inEquation 5.2.1 instead of the world average of B0s mass measurements. This toyMC sample is then �t with the nominal model to onservatively estimate thee�et of the hoie of a single template. The size of this ontribution to thesystemati unertainty is onsistent with zero for �ms = 15 ps�1.� Sample omposition and mass modelsThe studies of systemati unertainties in this setion are split in three ases:fully reonstruted hadroni B0s deays, partially reonstruted hadroni B0s de-ays, and semileptoni B0s deays.Several unertainties are assigned to the inompleteness of the knowledge of thesample omposition. These unertainties address the unertainty in the levelsof the Cabibbo-suppressed B0s ! D�s K+(���+), whih is treated as a signalomponent, and the ontributions of �0b and B0 deays to the bakground. Theratio of the number of B0s andidates arising from mis-reonstruted �0b and B0155



Reetion [%℄ D�s ! �0�� D�s ! K�0K� D�s ! ���+��B0s ! D�s �+;D�s ! �0�� | 0:22� 0:06 0:08� 0:04B0s ! D�s �+;D�s ! K�0K� 0:44� 0:10 | 0:01� 0:00B0s ! D�s �+;D�s ! ���+�� 0:00� 0:00 0:00� 0:00 |B0 ! D��+;D� ! K+���� 2:30� 0:17 32:7� 2:4 0:44� 0:03�0b ! �� �+;�� ! �pK+�� 1:18� 0:20 18:1� 3:0 0:22� 0:04�0b ! �� �+;�� ! �p�+�� 0:02� 0:00 0:16� 0:03 3:48� 0:58Table 7.1: Reetion ratios for B0s ! D�s �+ deay modes. The table ontainsthe amount of B0, �0b and B0s hadrons that are erroneously reonstruted as a B0sandidate, relative to the amount of B0s ! D�s �+ signal andidates. The deay hainof the D�s andidate is indiated on top of eah olumn.Reetion [%℄ D�s ! �0�� D�s ! K�0K� D�s ! ���+��B0s ! D�s �+���+;D�s ! �0�� | 0:65� 0:19 4:77� 1:35B0s ! D�s �+���+;D�s ! K�0K� 0:51� 0:15 | 0:51� 0:16B0s ! D�s �+���+;D�s ! ���+�� 0:01� 0:01 0:53� 0:21 |B0 ! D��+���+;D� ! K+���� 3:35� 0:38 50:2� 5:6 30:0� 3:4�0b ! �� �+���+;�� ! �pK+�� 1:83� 0:30 31:4� 5:2 14:2� 2:4�0b ! �� �+���+;�� ! �p�+�� 0:07� 0:01 0:31� 0:05 5:10� 0:85Table 7.2: Reetion ratios for B0s ! D�s �+���+ deay modes. The table ontainsthe amount of B0, �0b and B0s hadrons that are erroneously reonstruted as a B0sandidate, relative to the amount of B0s ! D�s �+���+ signal andidates. The deayhain of the D�s andidate is indiated on top of eah olumn.deays with respet to the number of signal B0s andidates is �xed in the �tswhih produe the amplitude san. The expeted value is alulated using �0b ,B0, and B0s BGenerator-MC samples, and the relative branhing ratios andprodution ross-setions published in Referenes [114℄, [77℄, and [115℄. Theresulting normalization ratios are reported in Tables 7.1 and 7.2. A system-ati unertainty is evaluated for all omponents of the ontribution whih islarger than 1%, with respet to the signal fration. The normalization ratiosof eah of these omponents are varied within their unertainties to estimatetheir ontribution to the total systemati unertainty. The same proedure isutilized to estimate the expeted amount of Cabibbo-suppressed B0s deays. Inthis ase, the B0s ! D�s K+(���+) branhing ratios are assumed to be equal to5%. The normalization ratio of the Cabibbo-suppressed omponent is varied bya fator of 2 lower and higher than nominal, and the larger systemati variationin the two senarios is added to the total systemati unertainty. The size ofthe ombination of these ontributions to the systemati unertainty is about1% for �ms = 15 ps�1.Partially reonstruted hadroni omponents additionally require a study of thee�et of inomplete knowledge of the relative signal frations. Maximal onfu-156
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Figure 7.3: Systemati unertainties on A in hadroni (left) and semileptoni (right)amplitude sans, as a funtion of �ms.sion between the omponents is simulated by generating a toy MC ensembleomposed entirely of one signal omponent and performing the �t as thoughit were the other. Moreover, a systemati unertainty is assigned to address apossible bias produed by wrongly modeling the ombinatorial bakground. Inthe nominal �t, the bakground is modeled as a smooth exponential funtion.Toy MC samples are generated with bakgrounds whih rise more rapidly inthe region of partially reonstruted signal andidates. The �t with the nom-inal model e�etively treats the bakground events as signal. The size of thisontribution to the systemati unertainty is about 2% for �ms = 15 ps�1.In the ase of the semileptoni analysis, two additional soures of systematiunertainties are onsidered. The ombinatorial bakground parameterizationis derived from the D�s mass sidebands. A di�erent set of sidebands, obtainedby shifting the bounds of the sideband window by �50 MeV=2 from the nomi-nal values, is utilized to assess systemati unertainty deriving from a partiularhoie. The seond soure of unertainty omes from the unertainty in the fra-tion of the false lepton bakground. The fration of the false lepton bakgroundhas been obtained from a �t of the m`+D�s distribution. The unertainty fromthis �t is used to study the related systemati unertainty. A toy MC sample isgenerated with the value of this fration �xed to its nominal value. The default�t of this sample is ompared to a �t of the same sample whih has the frationof the false lepton bakground shifted of �1� from its nominal value, where � isthe unertainty in this fration obtained as desribed above. The size of all theseontributions to the systemati unertainty is below 5% for �ms = 15 ps�1.The plots of systemati unertainties vs. �ms are shown in Figure 7.3, for theamplitude sans produed with hadroni and semileptoni B0s deays.157



7.2.2 Systemati unertainties on �msThe unertainties presented in the previous setion are relevant for the amplitudesan. These unertainties a�et the alulation of the experimental sensitivity and thelimit on the osillation frequeny, but they are not relevant to the extration of �ms.For ompleteness, all the soures of systemati unertainty in the amplitude sanhave been analyzed as possible auses of unertainty in the �ms �t too. They provedto be negligible, while the main systemati unertainties ome from the proper-timesale. Four e�ets have been studied and presented below. The �rst three e�ets areanalyzed in detail in the analysis whih resulted in the measurements of Bs;H, Bs;H ,and ��s, presented in Referene [116℄.� Silion detetor alignmentImperfet alignment of the silion detetor ould a�et the measurement ofproper deay-lengths. A test of possible e�ets has been performed by intro-duing distortions into the simulation of silion detetors and then measur-ing lifetimes of B mesons using the standard alignment. The B mesons whihwere utilized for this hek are reonstruted in the B0 ! J= K�0; J= !�+��; K�0 ! K+��, B+ ! J= K+; J= ! �+��, and B0s ! J= �0; J= !�+��; �0 ! K+K� deay modes. The distortions introdued in the simulationinlude radial displaements and bowing of silion tensors within toleranesfrom a physial survey of the detetor. The maximum lifetime bias is found tobe 1:0 �m, whih orresponds to a 0:2% unertainty on the proper-time sale.� Trak-�t biasMis-measurements of trak urvature introdue mis-measurements of the trans-verse deay length, via the loation of trak verties reonstruted in the labo-ratory frame, and the proper deay-time, whih is boosted into the B0s refereneframe using its transverse momentum. The sign of the bias depends on whetherthe traks involved urve toward or away from eah other. The bias has beenreprodued and studied in the simulation of the COT and silion detetor. Itintrodues an overall systemati shift in measured lifetimes whih is found tobe 1:3 �m, orresponding to 0:3% in proper-time sale.� Primary vertex biasMis-measurements of the primary vertex position lead to mis-measurements ofthe transverse deay length and, therefore, of the proper deay-time. The biasis studied by omparing the primary vertex position with the average beam po-sition in a large sample of fully reonstruted B andidates. The maximum biasis found to be 1:0 �m in the referene frame of the detetor, whih orrespondsto 0:02 ps�1 mean bias to �ms in the toy MC samples.� Hadroni k-fatorsThe dominant partially reonstruted B0s ! D�s �+ and and D��s �+ hannelsinhabit the same phase spae and have the same qualitative models. For thepurposes of this analysis, the only signi�ant di�erene in the modeling of their158



Soure Value [ps�1℄Silion detetor alignment 0.04Trak �t bias 0.05Primary vertex bias 0.02Hadroni k-fators 0.03Table 7.3: Systemati unertainties in the �t for �ms.proper-time omponents is in the k-fator distributions, whih have slightlydi�erent widths and mean values. This raises the onern that not using theorret relative frations of partially reonstruted omponents ould produe ashift in the �tted value of �ms has been addressed. The use of inorret relativefrations is equivalent to applying the wrong likelihood weights to eah of thesek-fator distributions. The maximum e�et is obtained by �tting a omponentwith the k-fator distribution F (k) and the t eÆieny �(t) of another one.The result of this �t ompared with the result of a seond �t, in whih the orretweight funtions are utilized. In pratie, beause there is no basis for thinkingthat the modeling might be so inorret, 50% of the indued bias is utilizedas a very onservative systemati unertainty, for a �nal error ontribution of0:03 ps�1. This error is assigned only for the measurement from the partiallyreonstruted hadroni sample, and does not ontribute signi�antly to thesystemati unertainty for the overall measurement.Table 7.3 summarizes the systemati unertainties on the measurement of �ms.The total systemati unertainty is 0:07 ps�1.7.3 Amplitude sansThis setion presents the amplitude sans obtained from data. As de�ned in Se-tion 5.1, an amplitude san onsists of a set of �ts of the amplitude A. Eah of these�ts is performed at a (di�erent) �xed value of �ms. The following expression for theprobability that a B0s andidate deays with the same (opposite) avor with whih itwas produed is utilized:Punmixed=mixed(t) / [1�AD os (�mst)℄ ; (5.1.2)where the + (�) sign indiates the ase of a B0s meson deaying at time t with thesame (opposite) avor as at prodution, when the avor tag of the andidate hasdilution D.The amplitude sans obtained from data are reported in Figures 7.4 and 7.5, in thedi�erent data samples and separately utilizing the SS and OS taggers. The signatureof a mixing signal is an amplitude value onsistent with unity and inonsistent withzero. The sans present this behavior in the proximity of the bin orrespondingto �ms = 17:75 ps�1. While the san in the fully hadroni sample has a striking159



Sample SensitivityHadroni 30:7 ps�1Semileptoni 19:4 ps�1Same-Side Taggery 30:3 ps�1Opposite-Side Taggery 25:5 ps�1Combined 31:3 ps�1Table 7.4: Sensitivity of a mixing analysis in di�erent data subsamples, and in theombination of all data samples, with same-side and opposite-side taggers, separately.y Computed using statistial unertainty only; however, this is the dominant unertainty.signature, the one in the semileptoni sample alone is suÆient to set a 95% C.L.double-sided limit on �ms.The sensitivity of an analysis is de�ned as the value of the frequeny for whiha measured null amplitude value A = 0 would imply the exlusion of A = 1 atthe desired on�dene level. From this de�nition, it derives that the sensitivity of amixing measurement is de�ned as the �ms value for whih 1:645�A = 1. The fatorwhih multiplies �A, 1:645, de�nes a on�dene level of 95% for the sensitivity 2. Thesensitivity of an analysis of B0s osillations in the semileptoni sample is 19:4 ps�1,while an analysis in the hadroni one reahes 30:7 ps�1. The power of the same-sidetagger is evident in the amplitude sans reported in Figure 7.5, where the SS and OStaggers ahieve a sensitivity, based on the statistial unertainty only, of 30:3 ps�1and 25:5 ps�1, respetively.The ombined amplitude san, whih inludes all data samples and all taggingalgorithms, is shown in Figure 7.6 and reahes a sensitivity of 31:3 ps�1. The signatureof a mixing signal around �ms = 17:75 ps�1 is striking. It is important to point outthat this signal lies well within the reah of the sensitivity, and is onsistent withunity, whih indiates that all omponents of the analysis are orretly alibrated.Table 7.4 summarizes the sensitivity of mixing analyses in di�erent subsamples,hadroni and semileptoni B0s deays, and separately utilizing same-side and opposite-side taggers.7.4 �ms �tThe amplitude sans presented in the previous setion show the lear signature of amixing signal. The point in the amplitude san whih is most inonsistent with A = 0is in the bin orresponding to �ms = 17:75 ps�1, in an amplitude san performed insteps of 0:25 ps�1. The next natural step is the estimation of the signi�ane of thesignal observed, and the measurement of �ms.The signi�ane of the signal observed in an amplitude san measures how likelyit is that random utuations produe a signal of osillations as large or larger thanthe one observed. The quantity �(�ms) has been hosen to estimate the signi�ane2The fator 1:645 derives from the following formula: R +1��1:645� G(x;�; �)dx = 0:95. It allows oneto set a lower limit with a on�dene level of 95%.160
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Figure 7.4: Amplitude san, hadroni (left) and semileptoni (right) andidates.
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of this analysis. This quantity is de�ned as the negative logarithm of the ratio of thelikelihood alulated with A = 1, whih orresponds to the hypothesis that �ms isthe true mixing frequeny, and A = 0, whih is independent of �ms and orrespondsto the hypothesis that there are no osillations, i.e.:� � � log L(A = 1)L(A = 0) : (7.4.1)The signi�ane is determined as a funtion of the minimum value assumed by � inthe �ms range hosen for the amplitude san, �min. Random utuations are simu-lated by randomly assigning avor tags to the data sample utilized for this analysis.Therefore, the signi�ane of the analysis presented is quanti�ed by the probabilitythat a data sample with randomly assigned avor tags ahieves a value of �min smalleror equal than the observed one in data, at any value of �ms. Suh probability is re-ferred to as p-value. The distribution of �min in a set of amplitude sans performedafter repeatedly and di�erently randomizing avor tag deisions in the data sampleis shown in Figure 7.7. The umulative distribution funtion of �min (right plot inFigure 7.7) diretly provides the p-value as a funtion of �min:p(�observedmin ) = Z �observedmin�1 d�minf(�min) ; (7.4.2)where f(�min) is the distribution of �min, in the left plot in Figure 7.7.The range of amplitude sans has been arbitrarily hosen to be 0 < �ms[ps�1℄ <35. The estimation of the p-value does not inur any signi�ant bias by seletinga �nite window in �ms beause the likelihood ratio onverges rapidly to zero for�ms > 35 ps�1. A ross-hek is performed by extending the searh range up to�ms = 50 ps�1, with no e�et on the p-value distribution.The plot in Figure 7.8 shows the value of the likelihood ratio � as a funtionof �ms, for the hadroni and semileptoni B0s deays, separately, and for all datasamples ombined. The minimal observed value of � is �min = �17:26. A quik lookbak to the right plot in Figure 7.7 allows one to obtain the p-value orrespondingto �min = �17:26. The distribution of p-value vs. �min shows that, out of 3:5� 108entries, only 28 sans have a value of �min smaller than -17.26. This means that theprobability for random sans to produe a signal as signi�ant as the one seen in data,i.e., the p-value, is 8� 10�8. This is well below the 5{standard-deviations thresholdwhih orresponds to 5:7� 10�7.The plot of �(�ms) in Figure 7.8 allows for the determination of the value of�ms that best �ts the data, whih orresponds to the value that minimizes �, andits statistial unertainty, whih is determined by the value of �ms where � hangesby 0:5 from the minimal value. The following measurement is obtained:�ms = 17:77� 0:10(stat:)� 0:07(syst:) ps�1 : (7.4.3)Finally, the plot in Figure 7.9 shows the omparison between the CDF measure-ment of �ms and the result of the �t for �ms performed by the CKM Fitter group [16℄162
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Parameter ValuemB0=mB0s [117℄ 0:98390�O(10�4)�md [7℄ 0:507� 0:005 ps�1�ms 17:77� 0:10� 0:07 ps�1� [14℄ 1:210 +0:047�0:035Table 7.5: Parameters used to determine jVtdj=jVtsj in Equation 1.3.2.a 3� 4% resolution. As was derived in Setion 1.3 this ratio an be expressed as:�ms�md = �2mB0smB0 jVtsj2jVtdj2 ; (1.3.2)where � is a parameter from lattie alulations. With the measurements reported inTable 7.5, the following determination is obtained:jVtdjjVtsj = 0:2060� 0:0007 +0:0081�0:0060 : (7.5.1)The �rst unertainty refers to the ontribution of the �ms measurement only, whilethe seond inludes all other soures, dominated by the theoretial unertainty of theparameter �.To put the impat of this measurement in perspetive, the onstraint on theunitarity triangle obtained in Equation 7.5.1 an be ompared to the status as of EPS2005 [15℄ in Figure 7.10. This result niely omplements the measurements of sin 2�(or sin 2�1) and jVubj from B0 ! ��`+�`. The importane of the CDF measurementof jVtd=Vtsj is also learly shown by Figure 7.11, where the result of the theoretialexpetation for jVtd=Vtsj, the CDF measurement, and the average of Belle [118℄ andBaBar [119℄ measurements are ompared.The resolution of the experimental inputs to Equation 1.3.2 ontributes a negligi-ble part of the total unertainty on jVtdj=jVtsj. It thus appears neessary to work onthe improvement of the determination of the parameter � in order to ompletely ex-ploit the information provided by our analysis. It is also interesting to notie that therelative preision with whih �ms is measured, ��ms=�ms, is superior to the relativepreision of the �md measurement: ��ms=�ms � 0:5% vs. ��md=�md � 1%. Thepreise measurement of �ms presented in this doument will thus not be the limitingfator in jVtdj=jVtsj, even if the preision with whih the � term, whih is obtainedfrom lattie QCD alulations, were to greatly improve.A review of the impliations of the measurement of �ms in the large lass of modelsin whih the 3 � 3 CKM matrix is unitary and tree-level deays are dominated bySM ontributions is presented in Referene [120℄. This measurement imposes stritonstraints on the phase spae available to the parameters hs and �s, introdued inEquation 1.4.1, whih desribe NP ontributions to the frequeny of B0s osillationsin a model-independent fashion. 165



-1.5

-1

-0.5

0

0.5

1

1.5

-1 -0.5 0 0.5 1 1.5 2

sin 2β

sol. w/ cos 2β < 0
(excl. at CL > 0.95)

excluded at C
L  >  0.95

γ

γ

α

α

∆md

∆ms
 &  ∆md

εK

εK

|Vub/Vcb|

sin 2β

sol. w/ cos 2β < 0
(excl. at CL > 0.95)

excluded at C
L  >  0.95

α

βγ

ρ

η

excluded area has CL > 0.95

C K M
f i t t e r

EPS 2005

ρ
-1 -0.5 0 0.5 1 1.5 2

η

-1.5

-1

-0.5

0

0.5

1

1.5

α

βγ

ρ
-1 -0.5 0 0.5 1 1.5 2

η

-1.5

-1

-0.5

0

0.5

1

1.5

γ

γ

α

α

dm∆

Kε

Kε

dm∆ & sm∆

cb/VubV

βsin2

 < 0βsol. w/ cos2
(excl. at CL > 0.95)

excluded area has CL > 0.95

excluded at C
L > 0.95

BEAUTY 2006

CKM
f i t t e rFigure 7.10: CKM �ts of the unitarity triangle at EPS2005 (left) and after the CDFobservation (right) [16℄.

0

0.2

0.4

0.6

0.8

1

1.2

0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3

ξ∆m(d,s),SU(3) = 1.21
 +0.047

 – 0.035 (hep-lat/0510113)

BRs WA - ξVγ,SU(3) = 1.17 ± 0.09 (hep-ph/0603232)

CKM fit w/o ∆ms
CDF measurement
BR(B0 → ρ0γ) / BR(B0 → K*0γ)

|Vtd/Vts|

1 
– 

C
L

WA

CK M
f i t t e r

BEAUTY 06

Figure 7.11: CKM [16℄ �t and two experimental measurements of jVtd=Vtsj. Eahhorizontal setion of the shaded area represents the interval in whih jVtd=Vtsj lies withthe level of on�dene read on the vertial axis of the plot. Intervals are determinedby a �t whih assumes that avor interations are ompletely desribed by the SM.The �t does not inlude any �ms analysis among its inputs. The experimentalmeasurements orrespond to the CDF measurement and the average of Belle andBaBar measurements of jVtd=Vtsj. 166



ConlusionThe analysis whih resulted in the �rst observation of time-dependent B0s avor os-illations is reported in this dissertation, whih fouses on the development of aneural-network{based same-side tagging algorithm.This algorithm for same-side avor tagging exploits the partile-identi�ation andkinemati information provided by the CDF detetor to separate harged hadrons,suh as pions, kaons, and protons. This analysis is one of the �rst CDF analysesto fully integrate partile-identi�ation information provided by the CDF Time-Of-Flight system and the measurement of ionization energy loss in the Central OuterTraker. Besides same-side avor tagging, this information is utilized in the seletionof B0s andidates, where it allows for a better separation between signal and bak-ground than in previous seletion shemes. The use of partile-identi�ation is one ofthe fators whih ontributed to the signi�ant inrease of B0s statistis and sensitivitywith respet to analyses whih utilized the same sample of CDF data.The tagging power of the same-side tagging algorithm desribed in this thesis isabout 4%, when applied to the B0s samples reonstruted for this analysis. The same-side tagger is ombined with an opposite-side avor tagger with a tagging power ofabout 1:8%.It is also interesting to note the importane of the sample of fully hadroni B0sdeays, whih ontribute 90% of the statistial power available to this analysis. Theproper-deay-time resolution ahieved in the reonstrution of these andidates is thereason for their superiority. This points to the great performane of CDF trak-ing and trigger systems, in partiular Layer00 and the Seondary Vertex Traker,whih allowed for the olletion of large samples of hadroni B0s deays, with exellentproper-deay-time resolution, providing CDF with a great advantage over ompetingexperiments.The reported result is obtained with a dataset orresponding to an integratedluminosity of about 1 fb�1. The frequeny of B0s � B0s osillations is measured to be:�ms = 17:77� 0:10(stat)� 0:07(syst) ps�1 ;with a signi�ane superior to 5 standard deviations. The signal of B0s osillations isharaterized by an amplitude equal to 1:21�0:20. The onsisteny of the amplitudewith unity indiates that all omponents of the analysis are orretly alibrated, whihis a remarkable ahievement.The measurement of �ms provides a stringent onstraint on the determination ofCKM parameters. In partiular, it is possible to derive the following measurement of167



the Standard Model quantities:jVtdjjVtsj = 0:2060� 0:0007 +0:0081�0:0060 ;where the �rst unertainty refers to the ontribution from the �ms measurementonly. The seond term of the unertainty is ompletely dominated by the theoretialunertainty. The observation of B0s � B0s osillations onludes a twenty-year longsearh, and provides an important demonstration of the SM of avor-interations.
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Appendix APYTHIA Setting for MCGenerationThe Pythia version whih is used in CDF is 6.216. The Pythia input parametersfor the MC sample desribed in Chapter 4, whih di�er from the default settings, arebriey desribed in this Appendix. The parameters whih di�er are:� Tune A (Rik Field tuning) for the underlying event has been used [72, 73℄.� B�� rate of 20% has been hosen.� Default values for B�� masses and widths were replaed by reent measure-ments [62℄.� The Lund string fragmentation model has been used. As input to this fragmen-tation model a so-alled z variable (Equation 4.3.15) is needed, whih desribesthe ratio of momenta taken by the B meson from the string. For high z valuesthe B meson tends to have higher momentum and the average number of par-tiles formed out of the string is aordingly lower. There are various di�erentz variable distributions on the market. The default shape for this distribution(symmetri Lund [90℄) has been used for the light (u,d,s) strings, while for theheavy quarks (,b) the Peterson fragmentation funtion [91℄ with the tuningparameter � = 0.006, has been used. This is not the Pythia default but it isneeded later for tuning of the z variable distribution of the b string.The following tl swithes were used to generate the Pythia-MC sample desribedin Chapter 4:module enable Pythiamodule talk PythiaPythiaMenumsel set 1mEnergy set 1960ommonMenu 169



set_kin -index=3 -value=5.set_kin -index=4 -value=-1.// Tuning Pythia for Underlying event// Presription "A" from Rik Field// ---------------------------------------// PDFs - CTEQ Set 5L (LO)// These settings are only valid for CTEQ5L// set_mstp -index=51 -value=4046set_mstp -index=52 -value=2// --------------------------------------// Set ISR max sale fator parameter// Old ISR setting with more initial-state radiationset_parp -index=67 -value=4.0// ---------------------------------------// Multiple Interation parameters// turn m.i. ONset_mstp -index=81 -value=1// ---------------------------------------------------------// assume single gaussian hadroni matter distr. turn off atset_mstp -index=82 -value=4.0// ---------------------------------------------------------// turn-off parametersset_parp -index=82 -value=2.0// Warm-Core: 50% of matter in radius 0.4set_parp -index=83 -value=0.5set_parp -index=84 -value=0.4// -----------------------------------------------------// probability of gg interation with olour onnetion// Almost Nearest Neighborset_parp -index=85 -value=0.9// total probability of gg interationsset_parp -index=86 -value=0.95// referene energy sale for m.i.set_parp -index=89 -value=1800.set_parp -index=90 -value=0.25// -------------------------------------------------------// set top massset_pmas -massode=6 -mass=175.// -------- setup the fragmentation funtion in PYTHIA ---// Peterson with epsilon = 0.006set_mstj -index=11 -value=3set_parj -index=55 -value=-0.006//--------------- setup the B** rates --------------------set_parj -index=14 -value=0.2170



set_parj -index=15 -value=0.0666667set_parj -index=16 -value=0.0666667set_parj -index=17 -value=0.0666667// --------------- override B** and D** masses and widths ---------// B**set_pmas -massode=10521 -mass=5.70 -width=0.200 -maxdev=0.10set_pmas -massode=10511 -mass=5.70 -width=0.200 -maxdev=0.10set_pmas -massode=20523 -mass=5.73 -width=0.200 -maxdev=0.10set_pmas -massode=20513 -mass=5.73 -width=0.200 -maxdev=0.10set_pmas -massode=10523 -mass=5.73 -width=0.020 -maxdev=0.05set_pmas -massode=10513 -mass=5.73 -width=0.020 -maxdev=0.05set_pmas -massode=525 -mass=5.74 -width=0.020 -maxdev=0.05set_pmas -massode=515 -mass=5.74 -width=0.020 -maxdev=0.05// D**set_pmas -massode=10421 -mass=2.31 -width=0.300 -maxdev=0.10set_pmas -massode=10411 -mass=2.31 -width=0.300 -maxdev=0.10set_pmas -massode=20423 -mass=2.43 -width=0.300 -maxdev=0.10set_pmas -massode=20413 -mass=2.43 -width=0.300 -maxdev=0.10set_pmas -massode=10423 -mass=2.42 -width=0.020 -maxdev=0.05set_pmas -massode=10413 -mass=2.42 -width=0.020 -maxdev=0.05set_pmas -massode=425 -mass=2.46 -width=0.020 -maxdev=0.05set_pmas -massode=415 -mass=2.46 -width=0.020 -maxdev=0.05// Ds**set_pmas -massode=10433 -mass=2.536 -width=0.002 -maxdev=0.0001set_pmas -massode=435 -mass=2.572 -width=0.015 -maxdev=0.0005exitexitexit
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Appendix BB+ and B0 data and MC samplesThis appendix omplements the information presented in Chapter 3 and 4. The dataand MC samples of B+ and B0 mesons whih are desribed in this appendix areutilized to ross-hek the work performed on the same-side avor tagger presentedin Chapter 6. They provide an important test beause of their large number of events,ompared to the B0s data samples.In partiular, this setion onentrates on the samples whih are utilized to verifythe validity of the work on same-side avor tagging. The reonstruted B+ and B+deay hains are the following:� B+ ! D0�+; D0 ! K+��;� B0 ! D��+; D� ! K+����;� B+ ! J= K+; J= ! �+��;� B0 ! J= K�0; J= ! �+��; K�0 ! K+��.The samples olleted orrespond to the 0d period of data-taking, whih is de�ned inSetion 3.2, for a total integrated luminosity of 355 pb�1.The trigger paths utilized to ollet the fully-hadroni deay modes are the BCHARM,LOWPT, and HIGHPT senarios of two-trak triggers. The trigger requirements areexplained in Setion 3.1. Candidates deayed in modes with a J= in the �nal stateare instead olleted using the DIMUON trigger path, whih is de�ned as follows:Level-1{ two XFT traks with opposite harge;{ eah XFT trak is mathed to two muon stubs;{ pXFTT > 1:5(2:2) GeV= for eah CMU (CMX) muon;{ �'6(CMU;CMU) < 135Æ, no ut on �'6(CMU;CMX);Level-2{ no uts: events whih pass Level-1 are automatially aepted by Level-2;173



Cut B+ ! D0�+ B0 ! D��+�2r�(B) < 15 15�2r�(D) < 15 15jd0(B)j [�m℄ < 80 110Lxy=�Lxy(B) > 7 11Lxy(D! B) [�m℄ > -150 -300pT (B) [GeV=℄ > 5.5 5.5pT (�B) [GeV=℄ > 1.0 1.2�R(D; �B) < 2.0 1.5Table B.1: Seletion riteria for fully hadroni B+ and B0 andidates. The label �Bindiates the bahelor pion produed in the deay of a B+ or B0 meson.Cut B+ ! J= K+ B0 ! J= K�0P(B) > 10�3 10�4�2r�(B) < | 225Lxy=�Lxy(B) > 4.5 4.5�Lxy(B) [m℄ < 0.04 0.04pT (B) [GeV=℄ > 5.0 5.0pT (K+;�0) [GeV=℄ > 1.0 1.0jmK� �mK�0 j [MeV=2℄ < | 50Table B.2: Seletion riteria for di-muon B+ and B0 andidates.Level-3{ mass m�� between 2:7 GeV=2 and 4:0 GeV=2.The triggers that belong to the family of DIMUON triggers are di�erentiated by thetype of muon-pair whih they require: (CMU,CMU) or (CMU,CMX).B.1 Seletion of data samplesThe seletion of B+ and B0 andidates is performed by applying retangular uts.The method is analogous to the one adopted to selet B0s semileptoni deays (Se-tion 3.4.1), while the seletion of hadroni B0s andidates is based on a Neural Network(Setion 3.4.2). The value of the uts is hosen by optimizing S=pS + B, where theamount of signal S, in a prede�ned signal region, is evaluated in a BGenerator-MC sample of signal events, while the number of bakground events B is measuredextrapolating the mass �t of the sidebands in data. The upper sideband only isutilized in the ase of B+ ! D0�+ and B0 ! D��+ deays, while both upper andlower sidebands are used in the ase of the J= K+;�0 deay modes. The seletion utsutilized are summarized in Table B.1 and B.2, for fully hadroni and di-muon modes,respetively. 174



Deay Sequene YieldB+ ! D0�+ 9270B0 ! D��+ 8040B+ ! J= K+ 5240B0 ! J= K�0 2360Table B.3: B+ and B0 signal yields. The quoted numbers orresponds to an inte-grated luminosity of � 355 fb�1.The yields of B+ and B0 andidates olleted in 355 pb�1 of integrated luminosityare reported in Table B.3. The yields of B0s andidates, in the same data sample, areone order of magnitude smaller.B.2 Monte Carlo samples of B+ and B0 mesonsThe Pythia-MC samples utilized for the study of same-side tagging are preparedand tuned following the diretions explained in Chapter 4. This setion presentsthe data{MC-simulation omparison of the quantities that are expeted to have thegreatest inuene on the performane of an algorithm for same-side avor tagging.The plots with the omparison of data and simulated events are divided in threesets. The plots in the �rst set present the omparison of the distributions of the trakvariables utilized to selet tagging trak andidates: impat parameter signi�aned0=�d0 , the separation in �{' spae �R, the longitudinal separation �z0 betweenthe tagging trak andidate and the reonstruted B meson, the pseudorapidity �,and the number of hits in the silion detetor. Eah distribution is produed byapplying all the uts used for the seletion of tag andidates, whih are presented inSetion 6.3, exept the one on the quantity whih is being tested. The omparison ofthe distributions in data and simulated events of the number of tag andidates foundper B andidate is shown too. Figures B.1 to B.4 present the distributions relativeto B+ ! D0�+, B0 ! D��+, B+ ! J= K+, and B0 ! J= K�0, in the same order.The seond set of plots ontains the omparison between the distributions, indata and Pythia-MC, of transverse momentum, impat parameter, transverse deaylength and transverse deay length resolution of the reonstruted B andidates. Theplots for B+ and B0 andidates, reonstruted in fully hadroni modes and in deayhains ontaining a J= , are presented in Figures B.5 to B.8.The plots in the third set ompare the distribution of CLL (Equation 6.5.3), thevariable utilized to perform partile identi�ation. The four plots in Figure B.9 showthe omparison of the distributions of CLL in data and Pythia-MC simulation forthe B+ and B0 deay modes utilized throughout this appendix.The distributions presented in this setion show a good agreement between dataand simulated events for all the harateristis that are important to assess the per-formane of a same-side tagging algorithm. Figure 6.12 ompletes the data{MC-simulation omparison by showing a good agreement between the performane ofthe maxCLL algorithm for same-side tagging measured in data and alulated in175



Sample SDphD2i [%℄Data SimulationB+ ! D0�+ 30:4� 1:3 29:0� 0:3B0 ! D��+ 19:0� 2:5 17:2� 0:4B+ ! J= K+ 26:4� 2:1 28:5� 0:2B0 ! J= K�0 13:6� 5:4 16:8� 0:3Table B.4: max prelL algorithm of Same-Side Tagging. The dilution is measured indata and Pythia-MC samples. The quoted unertainty is statistial only.Sample SDphD2i [%℄Data SimulationB+ ! D0�+ 25:7� 1:3 27:5� 0:2B0 ! D��+ 17:6� 2:3 17:4� 0:4B+ ! J= K+ 23:9� 2:2 27:0� 0:2B0 ! J= K�0 13:7� 5:5 17:9� 0:3Table B.5: Partile-identi�ation{based algorithm of Same-Side Tagging. The di-lution is measured in data and Pythia-MC samples. The quoted unertainty isstatistial only.Pythia-MC samples of reonstruted B+ and B0 andidates.B.3 Performane of same-side taggersThe data and MC samples of B+ and B0 andidates presented in this appendix allowsone to perform an important test for same-side taggers. Beause B+ mesons do notmix, and B0 mesons mix with a known frequeny whih is measurable with preisionwith CDF data, it is possible to measure tagging performane diretly on these datasamples, and ompare these results with the ones obtained on simulated events. Theagreement between the results in data and in MC samples on�rm the validity ofutilizing a B0s MC sample to alibrate same-side taggers, and then apply the resultsof the alibration on MC events to B0s data.Tables B.4 and B.5 show the level of agreement ahieved between the performanesof the max prelL and maxCLL algorithms for same-side tagging measured in data andalulated in Pythia-MC samples of B+ and B0 andidates. The agreement betweenthe e�etive dilution measured in data and alulated in Pythia-MC samples isalways better than two standard deviations.
176
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Figure B.5: Comparison of distributions of the B+ ! D0�+; D0 ! K+�� an-didates between data (blak markers) and Pythia-MC simulation (solid gray his-togram). From left to right, and top to bottom, are plotted the distributions for:transverse momentum, impat parameter, ight distane in the transverse plane Lxy,and unertainty in Lxy.
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Figure B.6: Comparison of distributions of the B0 ! D��+; D� ! K+����andidates between data (blak markers) and Pythia-MC simulation (solid grayhistogram). From left to right, and top to bottom, are plotted the distributions for:transverse momentum, impat parameter, ight distane in the transverse plane Lxy,and unertainty in Lxy.
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Figure B.7: Comparison of distributions of the B+ ! J= K+; J= ! �+�� an-didates between data (blak markers) and Pythia-MC simulation (solid gray his-togram). From left to right, and top to bottom, are plotted the distributions for:transverse momentum, impat parameter, ight distane in the transverse plane Lxy,and unertainty in Lxy.
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Figure B.8: Comparison of distributions of the B0 ! J= K�0; J= ! �+��; K�0 !K+�� andidates between data (blak markers) and Pythia-MC simulation (solidgray histogram). From left to right, and top to bottom, are plotted the distributionsfor: transverse momentum, impat parameter, ight distane in the transverse planeLxy, and unertainty in Lxy.
184



log(LL(dEdx))

-20 -10 0 10 20

en
tr

ie
s 

pe
r 

bi
n

0

1000

2000

3000

 Pythia

 Data

 MC pions

 MC kaons

 MC protons

log(LL(dEdx))

-20 -10 0 10 20

en
tr

ie
s 

pe
r 

bi
n

0

1000

2000

3000

+π 0
D → +B

log(LL(dEdx))

-20 -10 0 10 20
en

tr
ie

s 
pe

r 
bi

n
0

1000

2000

3000
 Pythia

 Data

 MC pions

 MC kaons

 MC protons

log(LL(dEdx))

-20 -10 0 10 20
en

tr
ie

s 
pe

r 
bi

n
0

1000

2000

3000

+π - D→ 0B

log(LL(dEdx))

-20 -10 0 10 20

en
tr

ie
s 

pe
r 

bi
n

0

500

1000

1500

2000  Pythia

 Data

 MC pions

 MC kaons

 MC protons

log(LL(dEdx))

-20 -10 0 10 20

en
tr

ie
s 

pe
r 

bi
n

0

500

1000

1500

2000
+ Kψ J/→ +B

log(LL(dEdx))

-20 -10 0 10 20

en
tr

ie
s 

pe
r 

bi
n

0

500

1000
 Pythia

 Data

 MC pions

 MC kaons

 MC protons

log(LL(dEdx))

-20 -10 0 10 20

en
tr

ie
s 

pe
r 

bi
n

0

500

1000
*0 Kψ J/→ 0B

Figure B.9: Distribution of CLL for tagging trak andidates in data (blak dots)and Pythia-MC events (histogram). The rightmost bin in eah plot orresponds tothe ases where neither dE=dx nor tight information are available. The ontributionsof kaons, pions, and protons to the Pythia-MC plot are divided on the basis of MCtruth information, and overlaid. From left to right, and top to bottom, are plottedthe omparisons for: B+ ! D0�+, B0 ! D��+, B+ ! J= K+, and B0 ! J= K�0.
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Appendix CAdditional SST algorithms studiedTwo algorithms for same-side avor tagging have been studied into detail: max prelL(Setion 6.4), based on kinemati harateristis of tag andidates, and maxCLL,whih utilizes partile-identi�ation information (Setion 6.5). The analysis of B0s �B0s osillations whih provided the �rst measurement of �ms [17℄ used the partile-identi�ation{based algorithm, whih had proved to perform better than the max prelLone. This appendix douments the attempts to ombine the two algorithms that havebeen disarded in favor of the neural-network{based algorithm desribed in Chapter 6.C.1 Combination of max prelL and maxCLL dei-sionsThe simplest way, in terms of the available quantities, to ombine the kinematiinformation ontained in the max prelL algorithm to the partile-identi�ation{basedone, maxCLL, is to onsider the two algorithms as independently providing two tagdeisions with their respetive dilutions. It is natural to derive the dilution of theombined tag deision as follows [98℄:D0 = D1 +D21 +D1D2 ; (C.1.1)where D1 and D2 indiate the andidate-by-andidate dilution of the max prelL andmaxCLL tagging algorithms, respetively. The tag deision of the ombination or-responds to the deision of the tagger with the larger dilution. The quantity D0diretly represents the true dilution of the event only in the ase of two independenttaggers. Correlations between the two algorithms whih enter the ombination inEquation C.1.1 are expeted. However, D0 still represents a useful approximationof the true dilution, and is hosen to parametrize the true andidate-by-andidatedilution.Events have been split in two samples, whether the deisions of the two algorithmsin Equation C.1.1 agree or disagree, and in both samples the relation between D0 andthe true dilution is polynomial, as shown in Figures C.1. The parameters of the �ts187



Parameter Agreement Disagreementa0 �0:009� 0:005 0:083� 0:026a1 �0:079� 0:106 0:404� 0:139a2 1:973� 0:481 |a3 �1:060� 0:515 |Table C.1: Result of the �t for the parameterization of the dilution as a fun-tion of D0 = D1+D21+D1D2 , where D1 and D2 indiate the andidate-by-andidate dilutionof the max prelL and maxCLL tagging algorithms, respetively. In the ase of dis-agreement between the deisions of the two taggers, the following de�nition holds:D0 = D1�D21�D1D2 ;D1 > D2.[%℄ 0d 0h 0i� 52:1� 0:3 52:2� 0:3 52:6� 0:3SD 99:1� 2:3 93:5� 2:3 93:2� 2:3SDphD2i 28:9� 0:7 27:4� 0:7 27:2� 0:7Table C.2: Results of the �t on MC events for the sale fator of the same-sidetagger whih uses the ombination of max prelL and maxCLL algorithms, desribed inSetions 6.4 and 6.5. The tagging algorithm is applied to a Pythia-MC sample ofB0s ! D�s �+;D�s ! �0�� andidates.of the distributions of the true dilution in bins of D0 are shown in Table C.1.Using the desribed parameterizations, the tagger is applied to a MC sample,divided in the three periods of data-taking de�ned in Setion 4.3. Following thetagger-alibration proedure desribed in Setion 6.1, a sale fator SD is alulatedfor eah of the three periods of data-taking. The obtained sale fators are reportedin Table C.2. The sale fator is very lose to unity in the ase of 0d MC events,beause that was the sample used to derive the parameterization in Table C.1. Thedegradation of SST performane in 0h and 0i reets the derease in the powerof the partile identi�ation desribed in Referenes [121℄ and [87℄. In partiular,a degradation in the performane of the TOF detetor is observed, quanti�ed in a� 20% redution of the arrival time resolution in 0h data with respet to 0d data,and a redution of the TOF eÆieny of about 10%.The algorithm for same-side tagging presented in this setion performs worse thanthe ANN-based algorithm desribed in Setion 6.6. Quoting from Equation 6.10.2 andTable C.2, the parameterized dilutions SDphD2i of the ANN-based and of the CLL-based tagging algorithms are 30:2�0:7 and 28:9�0:7, respetively. These �gures arealulated on the same Pythia-MC sample of B0s ! D�s �+;D�s ! �0�� deays. TheANN-based algorithm has thus been favored for this analysis of B0s � B0s osillations.C.1.1 Study of orrelationsIn this setion the orrelations between the max prelL and maxCLL algorithms (Se-tions 6.4 and 6.5) are analyzed in an attempt to understand whether it is atually188
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Figure C.1: Parameterization for the dilution of the ombined max prelL and maxCLLalgorithms as a funtion of the raw dilutionD0 for ases of agreement and disagreementbetween the individual deisions of the max prelL and maxCLL algorithms, desribedin Setions 6.4 and 6.5.possible to produe an algorithm by ombining the two algorithms, as desribed inEquation C.1.1, whih performs better than the maxCLL one.The number of events in whih the deision of the max prelL +maxCLL algorithmis di�erent from the maxCLL-only deision is 1:3%, with a very small unertainty(the number of tagged MC andidates is about 15 thousand). The e�et of ombiningthe taggers thus onsists in the inreased dilution of the event when the two taggersagree. Events an be thus divided in two samples, aording to the agreement betweenthe deisions of the maxCLL and the max prelL algorithms, whih will be analyzedseparately.The maxCLL and max prelL deisions agree in 89:0 � 0:3% of the ases in whiha tag is assigned to both. The lassi�ation of andidates is extended by furthersubdividing the lasses of tag deisions by other harateristis of the andidate. The�rst lassi�ation is based on the agreement between the deisions of maxCLL andmax prelL algorithms. The �rst lass is further subdivided in three distint samples:� the tag andidate trak is unique,� the tag andidate traks have the same harge,� the tag andidate traks do not have the same harge,{ maxCLL and max prelL deision agree,{ maxCLL and max prelL deision disagree.Tag andidate traks are de�ned by the seletion uts presented in Setion 6.3. Eahof these four lasses is �nally divided in three sublasses, whether the tag andidatewith the maxCLL is strongly identi�ed as a kaon (CLL > 2), it is very likely a pion189



Class Cut Fration [%℄Unique tag andidate CLL > 2 2:0� 0:1CLL < �2 31:1� 0:4jCLLj < 1 11:8� 0:3Tag ands w/ same harge CLL > 2 0:4� 0:1CLL < �2 3:7� 0:2jCLLj < 1 3:0� 0:2Tag ands w/ di�. hargesmaxCLL and max prelL agree CLL > 2 4:7� 0:2CLL < �2 4:2� 0:2jCLLj < 1 8:9� 0:3Tag ands w/ di�. hargesmaxCLL and max prelL disagree CLL > 2 4:8� 0:1CLL < �2 1:1� 0:1jCLLj < 1 4:4� 0:1Table C.3: Fration of events in the di�erent maxCLL and max prelL lasses de�nedin the text.
(CLL < �2) or there is small partile-identi�ation information (jCLLj < 1). Thedistribution of CLL, de�ned in Equation 6.5.3, for kaons, pions, and protons in aPythia-MC sample, is shown in Figure 6.5. Events with 1 < jCLLj < 2 are notinluded in the set of plots in favor of plots whih present lasses with well de�nedpartile-identi�ation harateristis (kaons, pions and little partile-identi�ation in-formation). Twelve sublasses are thus de�ned and the satter plots in Figures C.2-C.5 show interesting orrelations between the raw dilutionD0, whih is almost linearlyorrelated to the true dilution, and the parameterized dilutions of the maxCLL andmax prelL algorithms. The populations of the various lasses are reported in Table C.3.The largest improvement in andidate-by-andidate dilution over the maxCLL-only algorithm is expeted in the ase of the lasses whih ontain tag andidateswith jmaxCLLj < 1. In fat, when CLL information tags the trak as a kaon (CLL> 2), maxCLL onstitutes a very powerful tagger whih dominates the ombinationin Equation C.1.1, as shown by the leftmost plots in Figures C.2-C.5. When CLLinformation is weak, the max prelL algorithm ontributes to the total dilution. Thisbehavior is proved by the entral plots in the same set of �gures. In the last ase,when maxCLL < �2 (rightmost plots in Figures C.2-C.5), the max prelL algorithmompletely drives the assignment of the event dilution, but the sale fator, in thisbin of CLL, is very lose to zero, beause tag andidates are likely to be pions andthus have no tagging information. 190
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Figure C.2: Raw dilution D0 versus true dilution D of maxCLL (top) and max prelL(bottom) algorithms, when there is a unique tag andidate trak with CLL > 2 (left),jCLLj < 1 (enter), CLL < �2 (right). The deisions of maxCLL and max prelLalgorithms agree.
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Figure C.4: Raw dilution D0 versus true dilution D of maxCLL (top) and max prelL(bottom) algorithms, when there are multiple tag andidate traks with di�erentharges, and maxCLL > 2 (left), jmaxCLLj < 1 (enter), maxCLL < �2 (right).The deisions of maxCLL and max prelL algorithms agree.
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[%℄ 0d� 52:1� 2:8SD 104:1� 2:8SDphD2i 29:8� 0:8Table C.4: Performane of the SST on MC events, upgraded with the parameteri-zation of the dilution in terms of both CLL and pT of the tag andidate trak, in aPythia-MC sample of B0s ! D�s �+;D�s ! �0�� deays.C.2 Parameterization of D with CLL and pTThe more traditional way to extrat useful information from a MC sample is tointrodue a parameterization for andidate-by-andidate dilution D in two variables,rather than using a single-variable parameterization. The Pythia-MC sample of tagandidates for B0s ! D�s �+;D�s ! �0�� deays produed for this analysis is dividedin bins of CLL and, subsequently, in bins of pT , beause these two variables showed, inprevious studies, strong orrelations with the andidate-by-andidate dilution. Thetag deision is based on the harge of the trak with the maximum CLL. Thus,the new tag algorithm is idential to the maxCLL one used before, exept for thedilution of the B0s andidate, whih is now parameterized in terms of the CLL and thetransverse momentum of the tagging trak. With respet to the maxCLL-only SSTalgorithm, the deision is idential but the weight (i.e., the dilution) of the andidateis di�erent, inluding also information from the kinemati of the tagging trak. Noadditional parameterization in pT has been introdued in the lowest bin in CLL,CLL < �2. For these andidates, the dilution is parameterized only in terms of CLLof the seleted tagging trak. In fat, the tag trak in events of this lass is wellidenti�ed as being a pion and thus have no tagging power. This assumption has beentested by �tting for the sale fator of the SST algorithm in the set of events withmaxCLL < �1 and �nding the sale fator onsistent with zero (SD = 3:0� 1:2%).The results of the parameterizations are shown in Figure C.6. Events are dividedin two major lasses: whether all the tag andidate traks have the same hargeor not. In the former ase, no deision has to be made, while in the latter the tagdeision orresponds to the harge of the trak with the maximumCLL. The resultingsale fator and the performane of the tagger based on the CLL and pT of the tagandidate trak are reported in Table C.4.Despite o�ering the best performane among the algorithm presented in thisappendix (the results for SDphD2i of the three algorithms are presented in Ta-bles C.2, C.4, and C.6), it has been deided not to utilize the ombined CLL{pTparameterization in the upgrade of the SSKT. The statistis of the MC sample, whilelarge enough to provide an aurate parameterization of the dilution in terms of asingle variable (maxCLL or pT of the trak with the maximum prelL in the previ-ous study), is not suÆient to derive a robust and stable parameterization in twovariables, as shown by some of the plots in Figure C.6.193
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Figure C.6: Dilution versus pT in bins of CLL. The deisions of the tagger isindiated by the harge of the trak with maxCLL.
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Parameter B+ B0 B0sa 1.631 1.642 1.385b 1.499 1.813 1.870 [(GeV=)�1℄ 0.801 1.011 1.496Table C.5: Parameters used to desribe pT -dependent dilution orretion fator.C.3 CLL + pT ParameterizationThe idea developed in this setion is to use a parametrization of tagging trak CLLand of tagging trak pT for the predited event-by-event dilution. This new algorithmkeeps the tagging deision aording to the maxCLL algorithm, but the parameter-ization of the predited dilution is improved.By using max prelL to selet the tagging trak, a dependene of the dilution onthe trak pT is found, as seen in Figure C.7. This has been exploited already, assummarized in Setion 6.4, to improve the tagging performane of this algorithm.The funtional form used to desribe the shape of the pT dependene of the dilutionhas been parametrized as: D(pT ) = �� �e�pT : (C.3.1)This expression is found to appropriately model the distribution of average dilutionin bins of pT of tag andidates. As expeted, a similar dependeny of the dilution asa funtion of tagging trak pT is seen when maxCLL is utilized to selet the taggingtrak (Figure C.8).Unfortunately, the statistis of the available MC sample was too small to derivereliable dilution parameterizations as a funtion of pT in di�erent bins of CLL. Thislimitation is ditated by the large omputing power required to produe Pythia-MCevents. Therefore, the unbinned maximum-likelihood �tter was utilized to determinea unique overall pT -dependent term that an be interpreted as a orretion funtion tobe applied to the original andidate-by-andidate dilution returned by the maxCLLalgorithm, whih is parameterized with a funtion of CLL only. The predited dilu-tion is thus desribed as:D(CLL; pT ) = D(CLL) � D(pT ) ;D(CLL) = � + 12� � e 22�2� x� � �1� erf � 1p2 �� � x���� ; x = Æ � CLL ;D(pT ) = a� be�pT : (C.3.2)D(CLL) is the very same parameterization whih has already been derived in theprevious study and shown in Figure 6.7. The parameters a; b and  are the samefor all events. No separation between events with agreeing or disagreeing harges oftagging trak andidates is made. The parameters a, b, and , found by �tting thePythia-MC sample of B0s ! D�s �+;D�s ! �0�� deays in the 0d on�guration, arelisted in Table C.5. The orretion funtions obtained �tting Pythia-MC samplesof B0 ! D��+, B+ ! D0�+, and B0s ! D�s �+ deays, are displayed in Figure C.9.195



[%℄ B+ B0 B0sMC (0d) SD 100.0� 0.9 100.0� 1.9 100.0� 2.4SDp< D >2 28.3� 0.2 18.2� 0.4 29.3� 0.8data (0d) SD 100.1� 4.9 102.7� 15.1 |SDp< D >2 29.3� 1.3 18.6� 2.7 |MC (0h) SD 97.8� 0.9 98.8� 1.9 96.8� 2.4SDp< D >2 27.9� 0.3 18.0� 0.4 28.4� 0.7data (0h) SD 99.2� 4.2 97.5� 13.3 |SDp< D >2 29.0� 1.1 17.8� 2.4 |MC (0i) SD 98.4� 0.9 96.1� 1.9 97.9� 2.4SDp< D >2 28.0� 0.2 17.5� 0.4 28.6� 0.7data (0i) SD 93.7� 6.6 79.2� 24.0 |SDp< D >2 26.5� 1.7 14.3� 4.3 |Table C.6: Performane of parameterized maxCLL+pT algorithm in data and MC.The tagging performanes, as measured in data and alulated in MC samples,using this pT -dependent orretion fator for the predited dilution are listed in Ta-ble C.6. As the parameterization has been derived using the unbinned �tter, the dilu-tion sale fator has to be 100% by de�nition for the 0d MC sample. Good data{MC-simulation agreement between the sale fators and e�etive dilutions measured indata and MC samples of B+ ! D0�+;D0 ! K+�� and B0 ! D��+;D� ! K+����deays is shown in Table C.6.For a more omplete omparison, the results of the maxCLL algorithm only ap-plied on the B+ ! D0�+;D0 ! K+�� and B0 ! D��+;D� ! K+���� data andMC samples are reported in Table C.7. The omparison of Table C.6 and Tab. C.7shows that the improvement provided by the introdution of a pT -dependent or-retion funtion, ompared with the use of a CLL-only parameterization, whih isobserved in B+ ! D0�+ and B0 ! D��+ deays in Pythia-MC samples is as wellon�rmed in data.An absolute gain in dilution between 0.8 and 1.1% on the B0s MC sample is ob-served. This transform to a relative gain of 5-8% in �D2 (Table C.8), depending onthe sample (0d, 0h or 0i). This improvement over the original maxCLL algorithm issmaller than the one provided by the ANN-based algorithm desribed in Setion 6.6,whih has been �nally hose for this analysis of B0s � B0s osillations.In order to hek that the improvement found on the B0s ! D�s �+;D�s ! �0��Pythia-MC sample is properly estimated and does not ome from over-tuning onthe MC sample, the following test has been performed. The sample is split up intwo halves, a dilution orretion funtion is derived on one half with the followingparametrization: D(pT ) = 1:405� 1:611e�1:432�pT : (C.3.3)196



[%℄ B+ B0 B0sMC (0d) SD 100.0� 0.9 98.5� 2.1 98.8� 2.5SDp< D >2 27.5� 0.2 17.4� 0.4 28.5� 0.7data (0d) SD 98.5� 5.1 101.0� 15.7 |SDp< D >2 27.8� 1.3 18.3 � 2.8 |MC (0h) SD 96.1� 0.9 95.3� 2.1 94.4� 2.5SDp< D >2 27.2� 0.3 16.6� 0.4 27.3� 0.7data (0h) SD 95.6� 4.4 93.1� 13.9 |SDp< D >2 27.4� 1.2 16.8� 2.5 |MC (0i) SD 97.1� 0.9 96.1� 2.1 96.4� 2.5SDp< D >2 27.2� 0.2 17.4� 0.4 27.9� 0.7data (0i) SD 94.5� 6.7 76.2� 24.3 |SDp< D >2 26.3� 2.0 13.7� 4.3 |Table C.7: Performane of parameterized maxCLL algorithm in data and MC.
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Figure C.7: Parameterization for the dilution of max prelL algorithm as a funtion ofthe pT of the tagging trak for ases of agreeing tagging andidate harges (left) anddisagreeing ones (right), for B0s ! D�s �+;D�s ! �0�� andidates.
197



pT tagging track [GeV/c]
2 4 6

D
ilu

tio
n 

(a
gr

ee
m

en
t)

0.1

0.2

0.3

0.4

0.5

πs D→ sB

pT tagging track [GeV/c]
2 4 6

D
ilu

tio
n 

(a
gr

ee
m

en
t)

0.1

0.2

0.3

0.4

0.5

MC

pT tagging track [GeV/c]
2 4 6

D
ilu

tio
n 

(d
is

ag
re

em
en

t)

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

πs D→ sB

pT tagging track [GeV/c]
2 4 6

D
ilu

tio
n 

(d
is

ag
re

em
en

t)

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

MC

Figure C.8: Distribution of the dilution of maxCLL algorithm as a funtion ofthe pT of the tagging trak for ases of agreeing tagging andidate harges (left) anddisagreeing ones (right) for B0s ! D�s �+;D�s ! �0�� andidates.
Tp

0 2 4 6 8

 d
ilu

tio
n 

co
rr

ec
tio

n
u

B

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

Tp
0 2 4 6 8

 d
ilu

tio
n 

co
rr

ec
tio

n
d

B

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

Tp
0 2 4 6 8

 d
ilu

tio
n 

 c
or

re
ct

io
n

s
B

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0
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198



[%℄ maxCLL algo maxCLL + pT algo0d data SDphD2i 28:3� 2:4 29:2� 2:40h data SDphD2i 24:2� 1:9 25:6� 1:90i data SDphD2i 25:8� 2:8 26:1� 2:80d data �S2DhD2i 4:0� 0:7 4:2� 0:70h data �S2DhD2i 2:9� 0:5 3:2� 0:50i data �S2DhD2i 3:3� 0:7 3:4� 0:7Table C.8: Performane of maxCLL and maxCLL + pT algorithms on B0s data.Statistial errors only are quoted.
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